Functionalised nanostructured dendritic Rhodium catalysts for styrene hydroformylation reactions by LI PENG
 FUNCTIONALISED NANOSTRUCTURED DENDRITIC 
















A THESIS SUBMITTED  
FOR THE DEGREE OF PH. D. OF ENGINEERING 
DEPARTMENT OF CHEMICAL & BIOMOLECULAR 
ENGINEERING 









First of all, I would like to express my heartfelt thanks to my supervisor, Prof. 
Sibudjing Kawi, for his tremendous help and constructive suggestions throughout all 
my Ph. D. candidate period. I appreciate his constant encouragement and precious 
guidance. His meticulous style influences me profoundly on the way of pursing 
research.  
 
I also want to take this opportunity to thank all our group members who share 
the laboratories and their knowledge with me, Dr. Shen Shoucang, Zhang Sheng, Yong 
Siekting, Tang Yunpeng, Zeng Houxu, Luan Deyan, Song Shiwei, Yang Jun, Sun 
Gebiao, Malik, Warintorn Thitsartarn and Wu Xusheng. They are my good teachers 
and helpful friends. From them, I experience the pleasure and importance of 
cooperation. 
 
Special thanks should go to Mdm Jamie, Mr. Chia, Mdm Samantha, Mr. Toh 
and Dr. Yuan for all the help they have offered throughout my research. Their 
professional skills help me solve technical problems quickly and effectively.    
 
In addition, I also wish to thank National University of Singapore for offering 
me financial support for my Ph. D. studies.  
 
This thesis is dedicated to my parents who hide moms sickness from me for 
not disturbing my thesis completion. And it is also a special gift to my wife, Haixia. 
Table of Contents 
    ii
Table of Contents 
 
Acknowledgements.............................................................................................. i 
Table of Contents................................................................................................ ii 
Summary .......................................................................................................... vii 
Abbreviation.......................................................................................................ix 
List of Figures.....................................................................................................xi 
List of Tables and Scheme ............................................................................... xiii 
Chapter 1.  Introduction ...............................................................................................1 
1.1 Background of Hydroformylation ....................................................................1 
 1.1.1 Promising Supports .................................................................................3 
1.2  Project Objectives .............................................................................................5 
1.3 Thesis Organization .........................................................................................7 
Chapter 2. Literature Review .......................................................................................8 
2.1        Homogeneous Hydroformylation ................................................................8 
2.1.1   The Progress of Homogeneous Hydroformylation Catalysts ..................8 
2.1.2   Mechanism of Rhodium-Catalyzed Hydroformylation.........................10 
2.1.2.1     Unmodified Rhodium-Catalyzed System ..................................11 
2.1.2.2     Modified Rhodium-Catalyzed System.......................................13 
2.1.2.3     Rate Determing Step.................................................................18 
2.1.3   Kinetics of Rhodium-Catalyzed Hydroformylation..............................19 
2.1.4   Parameters and Their Effects ...............................................................21 
2.1.4.1     Effect of CO .............................................................................21 
2.1.4.2     Effect of H2...............................................................................22 
2.1.4.3     Ligand Effects ..........................................................................23 
2.1.4.4     Temperature Effects..................................................................26 
Table of Contents 
    iii
2.1.4.5     Substrate Structure Effects ..........................................................27 
2.1.4.6     Solvent Effects............................................................................28 
2.2 Heterogeneous Hydroformylation...........................................................29 
2.2.1     MCM-41 ...............................................................................................31 
2.2.2     SBA-15 .................................................................................................36 
2.2.3     Dendrimer .............................................................................................39 
2.2.4     Nanoscale Catalysis...............................................................................44 
Chapter 3.  Experimental ...........................................................................................48 
3.1 Preparation of Catalysts .................................................................................48 
3.1.1    Chemicals ..............................................................................................48 
3.1.2    Synthesis of MCM-41 ............................................................................48 
3.1.3    Pre-treatment of MCM-41 ......................................................................49 
3.1.4    Passivation of MCM-41 and Functionalization inside Pores....................50 
3.1.5    Functionalization of MCM-41 without Passivation.................................50 
3.1.6    Preparation of MCM-41 Supported PAMAM Dendrimer .......................51 
3.1.7    Passivation of MCM-41 Tethered Rhodium Catalysts.............................52 
3.1.8    Synthesis of SBA-15 ..............................................................................54 
3.1.9    Synthesis of SBA-15 Supported Dendritic Catalysts...............................54 
3.1.10    Synthesis of Nanoparticles of Al2O3 .................................................56 
3.1.11  Synthesis of Nano-Al2O3 Supported Dendritic Catalysts.....................56 
3.1.12  Synthesis α-Al2O3 and γ-Al2O3 Supported Dendritic Catalysts ............57 
3.2 Hydroformylation Reactions ..........................................................................57 
3.2.1    Equipment ..............................................................................................57 
3.2.2    Reaction Procedure ................................................................................58 
3.3 Characterizations ...........................................................................................59 
Table of Contents 
    iv
3.3.1    X-ray Diffraction (XRD) ........................................................................59 
3.3.2    BET Analysis .........................................................................................60 
3.3.3    FTIR Analysis ........................................................................................61 
3.3.4    Inductively Coupled Plasma Atomic Emission (ICP)..............................62 
3.3.5    Gas Chromatograph................................................................................62 
3.3.6    XPS Analysis .........................................................................................63 
3.3.7    Thermal Analysis ...................................................................................64 
3.3.8    C, H, N, Elemental Analysis...................................................................64 
3.3.9    FE-SEM Analysis...................................................................................64 
3.3.10  TEM Analysis ........................................................................................65 
Chapter 4.  Dendritic SBA-15 Supported Wilkinson's Catalysts for Hydroformylation 
of Styrene.................................................................................................66 
4.1  Preface............................................................................................................66 
4.2  Characterizations ............................................................................................68 
4.2.1 FTIR Analysis...........................................................................................68 
4.2.2 TGA Analysis ...........................................................................................70 
4.2.3 XRD Analysis ...........................................................................................73 
4.2.4 TEM Analysis ...........................................................................................74 
4.2.5 ICP Analysis .............................................................................................76 
4.3 Catalytic Run .................................................................................................78 
4.3.1 Activity .....................................................................................................78 
4.3.2 Regio-selectivity .......................................................................................81 
4.4  Conclusions ....................................................................................................85 
Chapter 5.  Dendritic SBA-15 Supported HRh(CO)(PPh3)3 for Hydroformylation of 
Styrene.....................................................................................................87 
Table of Contents 
    v
5.1  Preface............................................................................................................87 
5.2  Characterizations ............................................................................................89 
5.2.1 BET Analysis ............................................................................................89 
5.2.2 XPS Analysis ............................................................................................94 
5.2.3 FTIR Analysis...........................................................................................96 
5.2.4 TEM Analysis ...........................................................................................97 
5.2.5 Elemental Analysis..................................................................................100 
5.3 Catalytic Run ...............................................................................................101 
5.3.1 Activity ...................................................................................................101 
5.3.2 Regio-selectivity .....................................................................................105 
5.4 Characterization of Used Catalysts..108 
 
5.5 Conclusions .................................................................................................113 
Chapter 6.  Dendritic MCM-41 Supported RhCl(PPh3)3 for Hydroformylation of 
Styrene...................................................................................................114 
6.1  Preface..........................................................................................................114 
6.2  Characterizations ..........................................................................................116 
6.2.1 XRD Analysis .........................................................................................116 
6.2.2 Thermal Analysis ....................................................................................118 
6.2.3 FTIR Analysis.........................................................................................121 
6.2.4 C, H, N, Elemental Analysis....................................................................123 
6.2.5 XPS Spectra of Rhodium Complexes on Functionalized MCM-41 ..........124 
6.2.6 Hydroformylation of Styrene...................................................................126 
6.2.6.1 Activity ............................................................................................126 
6.2.6.2 Regio-selectivity...............................................................................130 
6.2.7 TEM Image .............................................................................................134 
Table of Contents 
    vi
6.2.8 ICP Analysis ...........................................................................................135 
6.3  Conclusions ..................................................................................................136 
Chapter 7.  Dendritic Nano-Alumina Supported RhCl(PPh3)3 for Hydroformylation of 
Styrene...................................................................................................137 
7.1  Preface..........................................................................................................137 
7.2  Results and Discussions ................................................................................139 
7.2.1 FE-SEM Analysis ...................................................................................139 






















7.3  Conclusions.. 158 
Chapter 8.  Conclusions and Future Work................................................................159 
8.1  Conclusions ..................................................................................................159 









This thesis reports the study of hydroformylation of styrene catalyzed by 
heterogenized rhodium complexes.  Three types of solid supports have been employed: 
SBA-15, MCM-41 and nano-Al2O3. The supports surfaces are modified with amine (-
NH2) ligands as starting points for growing PAMAM dendrimers up to third generation. 
These dendritic supports are used to tether RhCl(PPh3)3 or HRh(PPh3)3, for producing 
the heterogenized rhodium catalysts.  
 
The combination of the highly ordered mesoporous material SBA-15 or MCM-
41 with the highly branched dendrimer creates a distinct architecture which is both 
helpful for the dispersion of rhodium due to the high surface areas of supports, the 
multiple binding sites of dendrimer and the promotional regioselectivity due to the 
dendrimer and pore effects. The nano-alumina supported PAMAM dendrimer tethered 
rhodium catalysts exhibit superior catalytic performances due to the special properties 
of the support.  
 
Generally, passivated SBA-15 or MCM-41 based dendritic catalysts exhibited 
better stability than the nonpassivated counterparts. This is attributed to the pore 
confinement of the mesopores of the passivated SBA-15 and MCM-41. Morover, 
catalytic performances with the passivated SBA-15 or MCM-41 based dendritic 
catalysts reach highest with certain PAMAM generation. This is attributed to the 
positive dendrimer effects, because the rhodium complexes are better dispersed on the 
more perfectly grown dendrimers. 
Nomenclature 
    viii
For the non-passivated SBA-15 supported Wilkinsons Catalysts, the catalytic 
performances decrease as the PAMAM dendrimer generation goes up. This is due to 
the dendrimers growing outside the SBA-15 channels where is similar to the situation 
of a normal silica. The longer and longer dendrimer arms due to increased generation 
block the active catalytic centers in this case. In contrast, for the passivated SBA-15 
supported Wilkinsons catalysts, the passivation not only improves the stability of the 
catalysts but also let the dendrimers develop in a more spacious environment which 
allows the dendrimers grow with fewer defects. And the catalytic performances do not 
decrease along with the dendrimer generation but reach highest point at an optimal 
generation which is second. The MCM-41 supported catalysts show much similar 
behavior to the SBA-15 supported ones yet differ in that the optimal generation of 
highest catalytic performance is first generation. This is attributed to the smaller pore 
size distribution of MCM-41 compared to SBA-15.  
 
GC, BET, TGA, TEM, FE-SEM, FTIR, XPS, XRD and ICP etc. have been 
employed for characterization of the as-synthesized hyeterogenized catalysts. The 
PAMAM dendrimers are shown to be successfully anchored on the supports with 
spectroscopic evidence and thermal analysis results. XRD and TEM show the 
mesoprous structures of SBA-15 and MCM-41 are stable during the hydroformylation 
reactions. The synthesized nano-Al2O3 catalysts are highly active, selective and stable. 
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Chapter 1.  Introduction 
1.1 Background of Hydroformylation  
In 1938 a gate to the storehouse of powerful synthetic tools in chemical 
industry was fortunately and accidentally knocked to be opened by Otto Roelen [1]. 
When he was using cobalt to catalyze Fisher-Tropsch reaction from ethylene and 
synthesis gas, propanal was detected in the products. This landmark discovery was 
soon named as oxo synthesis or oxo process and later got its more correct name 
hydroformylation, which refers to the catalyzed conversion of olefin, carbon 
monoxide and hydrogen to an aldehyde [2]. Before 1958, hydroformylation gained 
little importance despite the chemical versatility of aldehydes as redox-amphoteric 
precursors for several classes of compounds. Starting from about the mid-1950s, the 
rapid growth of petrochemical industry could provide a broad variety of cheap and 
pure petroleum-based olefins with better quality and easier availability than natural or 
FT olefins. At the same time, newly emergent PVC and detergent industries would 
consume a lot of alcohols produced via hydroformylation followed by hydrogenation. 
These two factors contributed greatly to the progress of hydroformylation, which has 
steadily increased in importance from then on. Because a lot of derivatives of 
aldehydes such as alcohols or acids are industrially important chemicals, 
hydroformylation reaction has gained considerable economic significance. Over the 
years, hydroformylation has evolved into one of the most industrially important 
homogeneous catalyzed reactions and 5-10 million tons of aldehydes and alcohols are 
produced via this process worldwide per annum [3,4].   
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The hydroformylation reaction cannot proceed without the presence of certain 
transition metal carbonyl catalysts, usually of cobalt or rhodium. Some other transition 
metals have also been studied such as Pt, Ir, Ni and Pd. Rhodium and cobalt are the 
ones widely used in industry nowadays. The rhodium-phosphine-catalyzed 
hydroformylation, first reported by Wilkinson and coworkers in the late 1960s, which 
operated at lower pressure and temperature than earlier cobalt-based catalysts provided 
a better choice of transition metal for hydroformylation. And the rhodium-based 
catalysts were commercialized by Union Carbide in 1970s. So far, homogeneous 
hydroformylation process is dominant in industry as it affords high activity and 
selectivity due to the efficient interaction between the catalytic center and the reactants 
in the homogeneous environment. However, it is very costly to separate the transition 
metal from the liquid reaction phase in homogeneous process. Usually, distillation is 
involved which is highly energy consuming and corrosive to instruments and harmful 
for the catalytic active species.  
 
            Heterogeneous catalyst can make the separation of valuable metal from the 
liquid reaction phase much easier than the homogeneous counterpart. Much effort has 
been devoted to the conversion of homogeneous hydroformylation catalysts to 
heterogeneous catalysts, as this would have immediate application for product-catalyst 
separations. The process could be either vapor-phase or liquid phase reactions with 
suspended insoluble catalysts. In addition, chemical bonds between metal catalysts and 
inert supports can be accomplished by attachment of a complexing group, e.g. amine 
or phosphine, to the support. So far, various supports have been employed for 
producing heterogeneous hydroformylation catalysts such as silica, alumina, active 
carbons, clays and zeolites etc. [5]. However, the activity and selectivity of the 
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heterogeneous catalysts are normally lower than their homogeneous counterparts. And 
sometimes leaching of the catalytic metal is serious from the supports. The surfaces of 
the supports are undefined and defy spectroscopic analysis. Therefore an ideal support 
for heterogeneous catalysts will have high surface areas, highly ordered structures, 
inertness at harsh conditions. Fortunately, such kind of supports was synthesized 
recently! 
 
 1.1.1   Promising Supports 
MCM-41 The synthesis of the first mesoporous sieves MCM-41 by Mobil researchers 
in 1992 opened up the opportunities to apply ordered mesoporous materials to the 
areas of catalysis, separation, sensors and opto-electric devices. Apart from its high 
surface area (>700 m2/g), MCM-41 possesses highly ordered hexagonal arrangement 
of uniform mesopores (15-100Å). The straight non-intersecting channels make MCM-
41 an ideal model catalyst support for the validity of theories of adsorption and pore 
condensation. The large pore size of MCM-41 facilitates the flow of reactant and 
product molecules in and out of the pore system, making MCM-41 ideal for shape-
selective conversions of bulky molecules encountered in the upgrading of heavy 
functions in refineries and manufacture of fine chemicals. Rapidly, a large number of 
studies have been made concerning the potential application of MCM-41 in catalysis, 
involving several industrial reactions of interest, such as alkylation, cracking, selective 
oxidations including epoxidation, alkene oligomerization, NOx selective reduction and 
benzene hydrogenation [6]. A series of MCM-41 catalysts have been found to have 
higher performances in these processes than conventional zeolite or oxide based 
catalysts. The results are attributed to the high surface area and narrow mesopore size 
distribution of MCM-41. It is known that hydroformylation reactions can benefit from 
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a high dispersion of metal complexes on the high surface area of supports [7].  
Professor Kawis group has reported several papers on the employment of MCM-41 as 
a catalyst support for the hydroformylation reactions. 
 
SBA-15 Another highly ordered hexagonal silica structures, SBA-15 with unusually 
large d(100) spacings of 104-320 Å, have been synthesized in the presence of triblock 
poly (ethylene-oxide)  poly (propylene-oxide)  poly (ethylene-oxide) (PEO-PPO-
PEO) copolymers. SBA-15 mesoporous structures have been prepared having BET 
surface areas of 690-1040 m2/g, pore sizes of 46-300 Å, silica wall thickness of 31-64 
Å, and pore volumes as large as 2.5 cm3/g. The thick silica walls of SBA-15 (31-64 Å), 
in particular, are different from thinner walled MCM-41 structures made with 
conventional cationic surfactants, hence leading to greater hydrothermal stability on 
the part of SBA-15. After calcination in air at 550°C, SBA-15 shows a particle 
morphology which reflects the thermal stability of the macroscopic structure. TEM of 
calcined SBA-15 shows well-ordered hexagonal arrays of mesopores (1D channels), 
hence confirming that SBA-15 has a 2D p6mm hexagonal structure.      
 
With these properties of SBA-15, we can explore the feasibility of 
heterogenizing homogeneous catalysts in the functionalized SBA-15 pores, similar to 
what has been done on MCM-41. The results of these SBA-15 based catalysts will be 
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1.2      Project Objectives 
           The target of this project is to combine the advantages of both homogeneous 
and heterogeneous catalysts into one heterogenized catalytic system for the 
hydroformylation reaction. Therefore, in this project, MCM-41 and SBA-15 and nano-
alumina are employed as supports due to their special properties. The highly ordered 
structures and high surface areas of the mesoporous supports may bring 
homogeneity unique for homogeneous system to the newly formed heterogeneous 
catalysts. The nano-sized alumina crystals also possess large surface areas and are 
promising supports for a heterogenized catalyst.  
 
            Between the supports and the anchored rhodium complexes we used PAMAM 
dendrimers from zero to 3rd generation as linkers. As these dendrimers grow longer 
they can bring more flexibility to the catalytic centers thus higher activity and 
selectivity. And the positive dendrimer effects which may be brought by these 
PAMAM dendrimers are also promising for enhancing the activity and selectivity of 
the as-synthesized catalysts. The substrate we choose for this project is styrene which 
is a model substrate studied extensively and can give us informative implications for 
synthesis of intermediates for pharmaceuticals. The hydroformylation reaction is 
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          Styrene                                   3-phenylpropionaldehyde              2-phenylpropionaldehde 
 
Scheme 1.1. Hydroformylation of Styrene 
 
           For pharmaceutical purposes, the branch product, which is the 2-
phenylpropionaldehyde, is the more desirable product in this project. Since the 
difference in steric properties of the branch and linear products, we expect the highly 
ordered uniform pore channels of MCM-15 or SBA-15 can exhibit shape-selectivity to 
the product distribution. We also employed a pore tailoring technique which makes 
sure the PAMAM dendrimers grown only inside the pore channels of the MCM-41 and 
SBA-15. One of our main objectives is to compare the catalytic performances of the 
MCM-41 or SBA-15 supported catalysts with and without the pore confinement. 
Another important objective is to compare the catalytic performances of different 
PAMAM dendrimer generation based catalysts to investigate the effects of the 
dendrimer generation. Also we want to explore the exposed PAMAM dendrimers on a 
nano-sized support tethered rhodium catalysts catalytic performances. We aim to 
investigate their enhanced properties, if any, compared with non-nano supports based 
ones and catalytic behavior according to different PAMAM dendrimer generations.  
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1.3      Thesis Organization 
This thesis is divided into eight chapters. In addition to this introduction 
chapter, chapter 2 covers literature reviews relevant to hydroformylation, MCM-41, 
SBA-15, nanoparticle and dendrimers.  Chapter 3 demonstrates the experimental steps 
in detail for synthesis of materials, heterogenized catalysts and instruments applied for 
reactions and characterizations. Chapters 4, 5, 6 and 7 describe in details the results 
and discussion sections for each topic covering the using of SBA-15, MCM-41 and 
nano-alumina as supports for hydroformylation of styrene. Among them, chapter 4 and 
5 are regarding SBA-15 supported hydroformylation catalysts yet they differs in using 
RhCl(PPh3)3 and HRh(CO)(PPh3)3 as precursors respectively. This thesis ends with 
chapter 8 describing the conclusions and recommendations of the research.  
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Chapter 2.  Literature Review  
2.1       Homogeneous Hydroformylation  
 
2.1.1    The Progress of Homogeneous Hydroformylation Catalysts 
Hydroformylation is the largest homogeneous catalytic process in industry 
today and its progress has been extensively reviewed [5, 8-12]. Although it was 
discovered in the heterogeneous catalytic process using cobalt containing fixed-bed, its 
homogeneous nature was recognized and proven later [13, 14]. Since hydroformylation 
involves so many characteristic aspects such as ligand effects, effects of pressure and 
temperature, complex kinetics and in situ studies etc., it has become a model reaction 
system in homogeneous catalysis. Before its discovery, homogeneous catalysis was 
little recognized.  
              
The first generation of hydroformylation catalytic processes, e.g. BASF, ICI 
Kuhlmann and Ruhrchemie was exclusively based on cobalt carbonyl without 
phosphine ligand [15]. At that time, as these unmodified catalyst precursors require 
high pressures of hydrogen to form hydride the reaction conditions were usually harsh 
[16]. Usually, the applied pressure ranged between 200 and 350 bar to prevent the 
active species from decomposing. Accordingly, 150-180°C temperature was needed to 
ensure an acceptable reaction rate. This situation was improved after the electron-
donating ligand, especially phosphine, was introduced into the catalytic center [17]. 
Heck and Breslow made landmark contributions to the mechanism study of cobalt 
carbonyl species catalyzed hydroformylation reactions [18, 19].  
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On the way of seeking more active and selective catalysts, various metals have 
been tested [20]. And the accepted order of hydroformylation activity on the basis of 
unmodified monometallic catalysts is: Rh >> Co > Ir, Ru > Os > Pt > Pd > Fe > Ni. 
Rhodium becomes the focus of the second generation hydroformylation catalysts, and 
since it is so active that reaction conditions can be reduced to a much milder level. This 
is chiefly because rhodium has much larger atom radius than that of cobalt and thus 
having a less steric crowding of ligands surrounding the catalytic center [21]. When 
both are modified by electron-donating ligands rhodium can acquire more electron and 
more electron will be back-donate to the carbonyls coordinated to the metal center. 
Therefore, rhodium needs only moderate pressures of syn-gas to maintain the active 
species. Rhodium catalysts started to replace the cobalt catalysts in propene and butene 
hydroformylation since the mid-seventies. The UCC (Union Carbide Corporation) 
process, also known as LPO process using triphenylphosphine, is a model example 
among the catalysts of this generation. Moreover, the waning mineral-oil supply also 
makes the rhodium based process preferable to cobalt based ones since the former can 
provide higher raw material utilization. Wilkinson et al. conducted landmark study of 
the mechanism of phosphine modified rhodium catalyzed hydroformylation reactions 
in the 1960s [22-25]. 
 
The so-called third generation is termed from reaction engineering prospective. 
In 1982, Rhone Poulenc and Ruhrchemie AG first developed a continuous aqueous 
biphasic hydroformylation process and it was commercialized in 1984 [26, 27]. This 
process contains a two-phase system in which the water soluble catalysts and reactants 
react in one phase and the products enter into the other organic phase. Moreover, the 
two-phase catalysis can comprise binary immiscible phases other than the water-
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organic liquid mode. The modes can also be polar organic liquid-non polar organic 
liquid; ionic liquid-organic liquid; fluorous organic phase-organic liquid.  This process 
has a prominent advantage in separating the catalyst and the reaction products. 
However, it also have a lot of limitations, such as low reaction rate, low 
chemoselectivity, slow or incomplete phase separation, need of high reaction volume 
and corrosion effects etc. Another important drawback is that the substrates for this 
process are restricted to short chain olefins [28].     
 
2.1.2 Mechanism of Rhodium-Catalyzed Hydroformylation 
The first investigation on rhodium-catalyzed hydroformylation dates back to 
the end of 1950s [29]. Although more than 50 years passed, not every detail of the 
mechanism has been clarified; some aspects of the proposed reaction pathway are still 
under investigation and there is a long way to understanding the mechanism well [30]. 
For example, there is still discrepancy in literature about the rate determination step of 
the hydroformylation reaction. Some support the oxidative addition hydrogen to be the 
rate-determining step [31]; some others advocate the dissociation of CO from 
HRh(CO)2 (PPh3)2 to be the rate-determining step [32]. 
 
It is should be noted that there are major differences observed between 
modified and unmodified systems among industrial hydroformylation catalysts, 
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Fig. 2.1. Generally accepted mechanism for rhodium-catalyzed hydroformylation 
 
            Figure 2.1 illustrates the generally accepted mechanism of rhodium-catalyzed 
hydroformylation reaction [33]. The elemental steps are as follows: 
(a) The rhodium precursor break up and forms rhodium hydride tricarbonyl species (1) 
under the hydroformylation conditions; 
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(c) The hydride addition to the C=C of the coordinated vinyl substrate to form alkyl-
rhodium intermediates, if the hydride does Markownikov addition to the C=C then 
forms branch alkyl-rhodium intermediates (3b), if the hydride does anti-
Markownikov addition to the C=C then forms linear alkyl-rhodium intermediates 
(3l);  
(d) A CO is coordinated to the alky-rhodium intermediate forming (3l) or (3b). 
(e) Migratory insertion of the alkyl moiety on to a CO molecule coordinated  to the 
metal center provides the acyl-rhodium species (4l) or (4e) 
(f) The formed (4l) or (4e) reacts with hydrogen via an oxidative addition, giving rise 
to aldehydic products (l) or (b) and regenerating the rhodium species. 
 
Regioselectivity The final ratio between linear and branch aldehydes is the 
regioselectivity of the hydroformylation reaction. Usually, when the substrates are 
linear alkenes, linear products are desired; when the substrates are vinyl aryls branch 
products are desired since they contain a chiral center. It is well known that the main 
goal in rhodium-catalyzed hydroformylation of olefins, concerns the control of 
regioselectivity. It is obvious that some steps in the hydroformylation cycle are crucial 
in deciding the final regioselectivity. For example, step c controls the ratio between 
branch and linear alkyl rhodium intermediates and if these alkyl rhodium intermediates 
go forward in the cycle will form branch and linear aldehydes respectively. Therefore, 
control of the Markownikov or anti-Markownikov addition is one effective method to 
influence the regioselectivity. However, shown in the graph the equal sign between 
every two continuous intermediates is reversible. And the formed alkyl rhodium 
intermediates can go back thru β-hydride elimination to regenerate alkenes and 
rhodium hydride tricarbonyl species [34]. Therefore the competition between the β-
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hydride elimination and migratory insertion is also important in controlling 
regioselectivity [35].  
 
2.1.2.2      Modified Rhodium-Catalyzed System 
The Associative Pathway: 
 
 












        
 Fig. 2.2. Associative pathway for the rhodium-triphenylphosphine-catalyzed 
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Wilkinson et al. suggested that there are two ways for an olefin to attack 
RhH(CO)2 (PPh3)3 (1), which is the active species. One is the associative pathway and 
the other is dissociative pathway [24]. 
 
Figure 2.2 shows the associative pathway of rhodium-catalyzed 
hydroformylation of olefin. This pathway is favored when the phosphine ligand to Rh 
ratio is high. The hydrido-alkene intermediate (2), is short-lived species so it does not 
violate the effective atomic number rule. In the alkyl-rhodium intermediate is likely to 
be linear (3) due to the steric effect from the coordinated PPh3 groups. Therefore, the 
associative pathway favors anti-Markownikov addition of hydride and thus leading to 
higher distribution of linear aldehyde in products.  
 
The acyl-rhodium intermediate (4) can be converted to both (5) and (a). When 
it is converted to (a) which is inactive species for producing the aldehyde, it needs to 
coordinated one CO. This is one of the reasons accountable for that high concentration 
of CO can inhibit the hydroformylation. And if we can find some way to let (a) go 
reverse to (4) or even block the way (4) converting to (a), definitely we can enhance 
the activity of the catalyst. 
 
From (4) to (5) is the only step which involves a change in the oxidation state. 
The rhodium in (5) is Rh(III) and this step is attributed as the rate determining step. 
Based on this principle, any ligand that can makes the activation of molecular 
hydrogen easy will make the catalytic center more active. 
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Similar to the case of (4) to (a), rhodium species (6) can also proceed to form a 
coordinatively saturated intermediate (b) which must dissociate one PPh3 to create a 
vacant site to catalyze the hydroformylation. Therefore, from this pathway we also can 
explain why too high ligand concentration can slow the reaction rate.   
 
It is also to e borne in mind that the PPh3 groups in (1) are cis and the initial 
attack of the olefin on trans-RhH(CO)(PPh3)2 has been ruled out. Otherwise high 
selectivity toward linear aldehyde product will be expected as observed in 
hydrogenation reactions.  
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Fig. 2.3. Dissociative pathway for the rhodium-triphenylphosphine-catalyzed 




































































  (1) 
  (3) 
  (2) 
  (7) 
  (4) 
  (6) 
  (5) 
  (a) 
  (8) 
Chapter 2. Literature Review 
    17
            Figure 2.3 illustrates the dissociative pathway of the rhodium-
triphenylphosphine-catalyzed hydroformylation of olefins [23]. It differs from the 
associative pathway chiefly in that before the initial attack of the olefin the RhH(CO)2 
(PPh3)3 (1) dissociate one PPh3. Then the monophosphine dicarbonyl rhodium hydride 
(2) coordinates with the RCH=CH2. Since the catalytic center in (3) is less steric 
demanding than that of (3) in the associative pathway, the reaction environment favors 
Markownikov addition. Therefore more branch rhodium alkyl intermediates will be 
formed leading to more branch aldehyde product through dissociative pathway. 
 
            From intermediates (6) to (a), it demonstrates again that acyl intermediates can 
form with CO into undesired inactive species. Carbon monoxide is necessary for 
forming the active species but also can suppress the reaction when its concentration is 
too high. Since dissociative pathway is a dominating only when the ligand 
concentration is low, Figure 2.3 does not include the inactive species due to excess of 
PPh3. Being consistent with the case of associative pathway, the step (6) to (7) in 
Figure 2.3, the oxidative addition of hydrogen is attributed as the rate determining step. 
This proposal is in agreement with the results that higher hydrogen partial pressure 
brings higher reaction rate [36, 37]. 
 
            The introduction of phosphine ligands into the metal center, profoundly 
changes the steric and electronic properties of the catalytic center. Accordingly, the 
selectivity and reactivity of the catalyst is modified. Designing ligands with desired 
properties provide a way for people to control the behavior of the hydroformylation 
catalysts. 
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2.1.2.3 Rate Determining Step 
Although oxidative addition of hydrogen is feasible for being assigned as the 
rate determining step, it is not well understood.  It was assumed early on in analogy to 
the HCo(CO)4 catalyst system proposed by Heck and Breslow [18,19], that the rate 
determining step was H2 addition to the Rh(I)-acyl species.  There has been a debate 
over the rate controlling step by several authors in more recent studies.  Kastrup et al. 
concluded from 
31
P NMR studies that the rate determining step could be the initial 
coordination of olefin to the RhH(CO)(PPh3)2 catalyst species [38]. Moser et al. 
proposed that the rate determining step is CO dissociation from RhH(CO)2 (PPh3)2  to 
generate the 16e species RhH(CO)(PPh3)2 once again [32]. Unruh also proposed the 
formation of branch alkyl rhodium to be the rate-determining step for producing 
branch aldehyde; and several of the fundamental steps in rhodium-phosphine catalyzed 
hydroformylation appear to have similar rate constants, making it difficult to specify 
one overall rate determining step, as they may probably vary with the exact reaction 
conditions [39].   
 
The complexity of the phosphine and CO ligand, dissociation and association 
processes and the many catalytically active rhodium complexes was clearly pointed out 
by Tolman and Faller who presented a 3-dimensional mechanistic scheme for the 
hydroformylation of alkenes by Rh/PPh3 complexes [40]. All the debates and unclear 
points are also reminiscent of the comment in the fundamental review of Cornils:  
But the main reason for their persistent topicality is the fact that the mechanism of 
hydroformylation is far from being well understood. [30].  
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2.1.3 Kinetics of Rhodium-Catalyzed Hydroformylation 
Temperature, total pressure, CO partial pressure, H2 partial pressure, catalyst 
concentration, ligand concentration and substrate property etc. are important 
parameters cooperate together govern the reaction rate and selectivity of 
hydroformylation reaction [41].  
 
Natta et al. [36] proposed the general accepted equation for the unmodified 
hydroformylation catalysts: 
 
                          r = k × [substrate] × [catalyst] × [p(H2)] / [p(CO)]                         (2-1) 
             
Reaction rate is first order in the olefin concentration, catalyst concentration 
and first order in hydrogen and a negative first order of carbon monoxide. Usually the 
syngas used in industry is composed by CO and H2 in 1:1 ratio, therefore the influence 
of the total syngas pressure is zero for a broad pressure range.  
 
Cavalieri dOro et al. [42] conducted detailed study on the ligand modified 
hydroformylation kinetics and they found the following rate expression: 
 
v = k [substrate]0.6[PPh3]-0.7[CO]-0.1[Rh]1[H2]0                                    (2-2) 
 
One important feature of this study is the negative order in PPh3 ligand. This 
result is consistent with the mechanism pathways showing that excess PPh3 leads to 
formation of inactive species. Bourne published a detail kinetic study regarding the 
selectivity problem of the hydroformylation [43]. He reported that the required 
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activation energy for the formation of n- and isobutanal was 54 and 82 kJ/mol, 
respectively. The reaction rate models for based on linear aldehyde and branch 
aldehyde are proposed separately. 
 
Reaction rate for linear aldehyde:  
 
rn = kn [p(H2)]0.56[p(CO)][catalyst]0.75[substrate]0.87/(1+KnB[p(CO)]2                    (2-3) 
 
Reaction rate for branch aldehyde: 
 
riso= kiso[p(H2)]0.32[p(CO)][catalyst]0.62[substrate]/(1+KisoB[p(CO)]2                     (2-4) 
 
Typical values for kn, KnB, kiso and KisoB (T=110-150°C) are (2.0-9.1) × 10-7 
((m3/mol)2.17s-1), (8.0-6.7) × 10-7( (m3/mol)2.17s-1), (2.1-29.0) × 10-7((m3/mol)2.17s-
1) ,and (13.5-17.6) × 10-7((m3/mol), respectively.  
 
It should be noted that hydroformylation reactions are extremely sensitive to 
experimental conditions. There are various equilibria exist which are controlled by 
concentrations of Rh, CO, H2, substrate and added ligand. These equilibria will 
influence catalytic rates and regioselectivity. For a given catalyst, its activity and 
regioselectivity are often depends on the concentrations of these reactants. Therefore, it 
is of great significance to show each factors influence on the hydroformylation 
reaction one by one. 
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2.1.4 Parameters and Their Effects 
2.1.4.1 Effect of CO 
In various systems differing in substrates, catalyst precursors or reaction 
conditions, CO invariably shows inhibitory effects to the reaction rate. Bhanage et al. 
reported a negative order dependence of rate with CO using HRh(CO)(Ph3)3 system 
[44]. Similar results also have been reported by van Leeuwen et al. using rhodium-
[tris(2-ter-butyl-4-menthylphenyl) phosphite catalyst [45]. Garland et al. employing an 
in-situ IR for the kinetic study, reported that the rate of breaking up of Rh4(CO)12 to 
form true catalyst was 1.3 ± 0.3 order dependence on the  CO concentration while the 
reaction rates of hydroformylation  was -1.0± 0.7 and -0.9± 0.6 for forming branch 
aldehyde and linear aldehyde respectively [46]. Recently, Chaudhari et al. conducted a 
detailed analysis of the kinetics of hydroformylation of styrene using the homogeneous 
HRh(CO)(PPh3)3 complex as catalyst [37].  In this study, they study the kinetics based 
on a mechanistic model derived from a molecular level description of the catalytic 
cycle [30]. This approach is more appropriate than those using empirical rate equations 
to represent the kinetics [47]. However, it should be noted that as CO is a necessary 
component for forming the active species, at low CO partial pressure (p(CO) < 10 bar), 
CO is positive order for reaction rate. It slows the reaction rate at high partial pressures 
[48, 49]. Since CO has strong effects on rates of formation linear product and branch 
product respectively, its concentration also influences the regioselectivity. Wilkinson 
et al. reported a decrease in ratio of n/i with the increase of CO partial pressure and 
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2.1.4.2 Effect of H2  
The concentration of hydrogen has a strong effect on the hydroformylation rate 
and generally the reaction rate is positive order dependence in hydrogen [51, 52]. The 
observed order in hydrogen was 0.93 ± 0.05 and 0.96 ± 0.32 for the branch and linear 
aldehyde product respectively reported by Garland et al. using styrene as substrate [46]. 
Chaudhari et al. also reported a positive correlation between the hydrogen partial 
pressure and the reaction rates using styrene as substrate at the temperatures of 333K, 
343K and 353K [46]. Wilkinson et al. reported the increase in reaction rate with higher 
hydrogen concentration yet mentioned the accompanied side reactions such as 
hydrogenations and isomerizations became serious [50].  
 
Rasing the hydrogen partial pressure can also lead to increase of the 
hydroformylation n/i ratio [51, 52]. However, above a p(H2) of 60-80 bar the n/i ratio 
cannot be increased any more by raising p(H2). High n/i ratio with considerable 
reaction rates is therefore achievable at high total pressures. Yet, at higher total 
pressures (> 400 bar) the n/i ratio drops again. The causes for this phenomenon are still 
not very clear while the formation of polynuclear species under the conditions might 
be the cause [53]. 
 
In summary, the promotional effect of H2 and inhibitory effect of CO in activity 
for hydroformylation often cancels each other making the reaction rate around zero 
order dependence in total syn-gas pressure. However, higher total pressure is helpful to 
overcome transport limitation, therefore the acceleration of reaction with the higher 
total pressure is also observed [54].  
 
Chapter 2. Literature Review 
    23
2.1.4.3  Ligand Effects 
The promotional effects of phosphine ligands in catalysis have been known for 
several decades. Extensive efforts have been directed to the design and mechanism 
study of phosphorus ligands which are the most widely used ligands for 
hydroformylation in addition to CO [55, 56].  
 
Steric and electronic properties of a ligand can extremely influence the catalytic 
center of rhodium catalyst. Shell reported an elevated selectivity using alkylphosphine-
modified cobalt catalysts [57]. The introducing of ligand with desired properties 
provides the most effective way of influencing the activity and selectivity of the 
catalyst [58]. Wilkinson et al. reported the first rhodium-phosphine catalysts [22-25]. 
The striking favorable effects due to PPh3 were (i) increased the n/i ratio; (ii) 
effectively inhibited the competing hydrogenation and isomerization; (iii) prevented 
the decomposition of hydride to the inactive complex [Rh(CO)(PPh3)3]2. It also should 
be noted that PPh3 cannot infinitely enhance selectivity and too much PPh3 added can 
suppress the hydroformylation reaction.  
   
Since then, various novel phosphine ligands have been synthesized, for 
example Devon et al. reported a new diphosphines ligand BISBI that showed a very 
high regioselectivity for producing linear aldehydes [59]. The Xantphos ligands 
provide way of designing ligands with tunable biting angles higher than 99º which 
were correlated to the activity and selectivity of the hydroformylations [60]. Chiral 
ligands had been synthesized for asymmetric hydroformylation [61, 62]. The synthesis 
of BINAPHOS, which combines the advantages of phosphine and phosphite, makes a 
breakthrough in asymmetric hydroformylation [63].  
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Steric effects The coordination of ligands onto the transition metal will definitely 
change the space availability surrounding the catalytic center. It has been found that 
the ligand size seems to be a dominant factor, and bulky phosphines, phosphites were 
found to lead to highly effective catalysts [59,64,65]. To quantify the bulkiness of 
phosphorus ligands, Tolman proposed a parameter, cone angle θ, which is defined as 
the apex angle of a cylindrical cone, centered at 2.28 Å from the center of the P atom, 
which touches the outermost atoms of the model [66]. For diphosphine ligands, Casey 
proposed natural bite angle βn which is calculated by Molecular Mechanics [67], to 
quantify the steric property.  
 
Heimbach et al. made a quantitative study between the cone angle θ and the 
Nickle(0)/P-ligand based catalytic performance. They found that the influence of the 
steric parameter θ predominated: 75% of the entire control induced by the selected P-
ligands was steric in character [68]. Breit et al.  found that the catalytic performance of 
rhodium-catalyzed 1-octene and internal alkenes using phosphabenzenes as π acceptor 
ligands was determined by steric influences [69]. The phosphabenzene based catalyst 
was found to be more and more active over the triphenylphosphine based catalyst 
when it was applied to more highly substituted alkenes. And the tetra-substituted 
alkenes can be hydroformylated in the presence of the phosphabenzene catalyst yet the 
triphenylphosphine catalyst cannot catalyze the reaction.  
 
Electronic effects   The steric effects cannot govern the regioselectivity or activity 
alone and sometimes electronic effects are dominant factors. For example, although 
PPh3 is more steric demanding than P(n-C4H9)3, n/i regioselectivities of 62.4% and 
89.6%, respectively, have been reported in the literature [70]. Also the steric effects 
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fail to give a satisfactory explanation for the high n/i aldehyde ratios observed from 
BISBI compared with dppe. The electronic effects investigated show that the 
introduction of electron withdrawing susbtituents on the aryl rings the diequatorial 
BISBI leads to an increase in linear aldehyde selectivity as well as rate [71]. Tucci 
reported a linear correlation of the basicity of the monophosphine, in terms of pKa 
value, and the reaction rate [70]. The more basic the phosphines, accordingly higher 
pKa value, the less active they are. Because the more electron density leads to a strong 
coordination to the metal, which makes the ligands more difficult to dissociate to 
create a vacant site from the catalytic center thus blocking the active center. The PPh3 
(pKa=2.73) based catalysts were almost two orders of magnitude higher than that of 
the PEt3 (pKa=8.69) based one. Similar trend was observed in another report, in which 
a series of PPh3 modified ligands P(p-C6H4X)3 were used as ligands for 
hydroformylation of 1-hexene. The P(p-C6H4CF3)3 ligand (X=CF3) based reaction rate 
was about two orders of magnitude compared with that of P(p-C6H4NMe2)3  (X=NMe2) 
based ones [32].   
 
As previously illustrated, the direction of addition of Markownikov or anti-
Markownikov will affect the regioselectivity of the hydroformylation. The electronic 
effects control at least in part of the mode of addition. In the rhodium hydride the Rh-H 
bond is polarized. And the presence of high-π acidity ligands CO will increase the 
polarity in the direction Rhδ--Hδ+. The more the CO ligands the more hydridic the Rh-
H bond is. And for linear alkenes RCH=CH2, the C=C bond is inducted to be Cδ+=Cδ-, 
due to the electron donating effect from the alkyl group. If electronic effects alone 
control the addition, the more hydridic the Rh-H bond the higher tendency for 
Markownikov addition. However, if an electron donor is coordinated to the metal 
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center, the polarity direction Rhδ--Hδ+ can be mitigated thus leading to more anti-
Markownikov addition. The rhodium will transfer electricity from the ligand to the 
carbonyls by back donation and make the Rh-CO bond firmer, thus stabilizing the 
catalysts.  
 
Silva et al. recently reported in a paper [72] that the electronic effects dominate 
over the steric effects controlling both reaction rate and regioselectivity. The higher 
basicity of ligands leads to slower catalysts. The more basic phosphines also facilitate 
the nucleophilic interaction with the γ-carbon which bears a more positive fractional 
charge.  
 
In summary, steric effects and electronic effects combine to control the 
reactivity and regioselectivity of the hydroformylation reaction. Purely steric 
arguments based on steric bulkiness cannot account for reaction results alone [73], on 
the other hand purely electronic explanations also fail to answer the data by itself [74]. 
 
2.1.4.4 Temperature Effects 
Temperature is an important parameter for hydroformylation. Since the 
temperature can influence the steric properties of the catalytic center and the free 
energies of Markownikov addition and anti-Markownikov addition are different, 
temperature can affect the regioselectivity. Wilkinson et al. pointed out that at higher 
temperatures, the steric factors transform to be of minor importance, and the elevated 
polarity of Rh-H bond will favor Markownikov addition due to increased thermal 
motion [23]. In a later paper, it was reported that temperature had reverse effect to the 
regioselectivity [50]. At low pressures, higher temperature favored the formation of 
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linear aldehyde while at higher pressures the reverse dependence was observed. The 
explanation for the former was that a selective species trans-RhH(CO)(PPh3)2 was 
formed due to the higher temperature. For the latter, RhH(CO)2(PPh3)2 was the main 
active species since dissociation of CO was not easy at higher pressures. 
 
It has also been reported that with higher temperatures the n/i  regioselectivity 
drops [63]. And it could be ascribed to the reduced steric bulkiness around the catalytic 
center which favored branch aldehyde. It should be noted that a strong increase of 
linear aldehyde product in using styrene as substrate has been observed in various 
cases [35, 37]. Lazzaroni et al.  explained this positive dependence with the help of 
deuteroformylation experiments [35]. The results showed that at low temperatures, the 
formation of linear and branched alkyl intermediates from styrene and the catalytic 
complex was not reversible. However, at higher temperatures the branch alkyl 
intermediates returned to styrene via a β-hydride elimination thus favoring the linear 
products.  
 
2.1.4.5  Substrate Structure Effects 
Generally, the substrates for hydroformylation reactions can be divided in to 
three different classes on the basis of their structures: 1) vinyl substrates; 2) allyl  
substrates; 3) vinylidenic substrates. The class 1 substrates cannot isomerize into 
internal alkenes, due to the absence of α-hydrogen with respect to the double bond. 
Styrene is a model substrate of class 1. In contrast to the allyl substrates which have an 
electron donating alkyl group connecting to the C=C, an electron withdrawing phenyl 
group is connected to the C=C in styrene. Therefore, the inner carbon of the double 
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bond of styrene possesses partial negative charge. This nature of styrene accounts for 
the predominance of branch aldehyde product especially at low temperatures.  
 
For class 2 substrates, since they have α-hydrogen migration of the double 
bond into internal positions occurs and hydroformylation results give more than two 
regioisomers [75]. The isomerization of allyl substrates is not serious under low 
temperatures. The hydroformylation rate in the case of class 3 substrates is usually 
very slow at room temperature. And the products are almost exclusively linear due to 
the steric properties of the substrates [76].  
 
2.1.4.6 Solvent Effects 
Solvents have been shown to have remarkable effects not only on the reaction 
rate but also product distribution. This is because the solvent molecules can coordinate 
with the catalytic center and sometimes substitute carbonyls and Wilkinson et al. have 
reported the existence of solvent coordinated rhodium species which takes part in 
catalytic cycle [22, 24].  
 
Literature has reported that the higher polarity of the solvent leads to higher 
reaction rate; e.g. the hydroformylation of 1-hexene using DMF as solvent was both 
faster and selective than the counterpart using benzene as solvent [77]. Purwanto et al. 
also reported of using polar solvents to enchance the reaction rate [78] However, 
Zhang et al. reported the non-polar solvents were more favorable to hydroformylation 
of 1-hexene [79]. They ascribed the lower reaction rate from polar solvents to the 
reduced electron density of rhodium center. However this might be due to the support 
effects from the active carbon. Chaudhari et al. reported the promotional solvent 
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effects to both reaction rate and regioselectivity of the hydroformylation of ally 
alchohol and olefins [80]. They found a consistently increased reaction rate and 
regioselectivity as the solvent alcohols carbon number increased from C2 to C8. From 
the electronic effects aspect, the long chain alcohol coordinated to the rhodium center 
makes it less basic than the one coordinated by lower carbon number alcohol. The 
hydroformylation using ethanol as solvent possessed the highest electron density 
catalytic center. Stericly speaking, the longer the alcohol chain brought more steric 
hindrance thus higher n/i ratio was produced.         
 
Recently, an environmentally benign solvent, ScCO2 (super critical carbon 
dioxide) received a lot of attention due to its various advantages [81]. High reaction 
rate and selectivity has been reported for using this method [82, 83]. Hopefully, the 
solubility in this medium will be in significantly improved and then it provides an ideal 
alternative to the conventional solvents.  
 
2.2      Heterogeneous Hydroformylation 
           The homogeneous hydroformylation process has the problem in separation of 
the valuable metal from the liquid reaction phase. The industrial processes for recovery 
of the catalysts are costly and environmentally unfriendly. A great deal of effort has 
been devoted to transfer homogeneous catalysts to heterogeneous catalysts because the 
latter can be easily handled and filtered out from the liquid phase. A lot of research has 
been directed to the immobilizing homogeneous catalyst precursors onto the solid 
supports such as silica, zeolite, polymers and active carbon etc. Whereas the target is 
one: to synthesize hybrid catalysts that combine both advantages from the 
homogeneous system and heterogeneous system [84]. The heterogeneous reaction 
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mechanism has been confirmed to be consistent with that of homogeneous system by a 
lot of experiments [85-91], even though the supports may influence the catalytic 
system a lot [92,93]. Here we review some typical methods of heterogeneous 
hydroformylation catalysts.  
             
Zeolite supported catalysts A striking feature of zeolites is their size and shape 
selectivity toward adsorbed organic molecules conferred by the molecular dimensions 
of their channel and cage systems [94, 95]. Chaudhari et al. reported using zeolite Y 
supported HRh(CO)(PPh3)3 for hydroformylation of several alkenes such as styrene, 1-
hexene and 1-octene etc. [96]. The supported analog for some substrates gave a higher 
n/i ratio to its homogeneous counterpart. This might be due to the confinement effect 
from the zeolite Y. Although the supported catalyst was less active than its 
homogeneous analog, it could be recycled up to six times while maintaining activity 
and selectivity. A Na-Y zeolite based catalyst has been used for hydroformylation of 1-
hexene [97]. The selectivity was as high as compared to the homogeneous counterpart. 
However the activity dropped after first catalytic run due to the anchoring of rhodium 
complexes at the external surface of zeolite. Zeolites exhibit a lot of good molecular 
sieve properties which are good for catalysis however their small pore size with broad 
distribution set limitations for their activity and substrate applicability. 
 
Oxide Supported Catalysts Coronado et al. reported hydroformylation of styrene 
over Rh/SiO2.Al2O3 [98]. The catalyst was stable and leaching was inhibited by 
keeping water out of the system. The heterogeneous catalyst showed high activity for 
hydroformylation, which is comparable with homogeneous counterpart. However, it 
lost optical yield after first run. Zhu et al. used PPh3 modified Rh/SiO2 for 
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hydroformylation of olefins [99]. The introduction of PPh3 enhanced the activity and 
selectivity of pure Rh/SiO2 and showed higher promotional effects than various other 
promoters such as Zn, Se, Na etc. However, some surfacial rhodium particles were 
formed and coordinated to PPh3, and some doped PPh3 also dissociated from the 
surface indicating a loose anchoring. Kawi et al. reported SiO2 supported rhodium 
catalysts with various donors for the hydroformylation of cyclohexene [100]. The 
SiO2(SH) supported catalyst showed a good activity, selectivity and stability whereas 
the SiO2(PPh2) supported catalyst exhibited serious leaching problem.    
 
2.2.1    MCM-41  
In 1992, the Mobil researchers reported an epoch-making mesoporous material-
-MCM-41, which opened up a new era for silicate materials [101]. They invented a 
way of using self-assembled surfactant (instead of using single cationic organic species 
which are widely used for zeolite synthesis) as template to form a mesoporous 
aluminosilicates.  Later on it was discovered that the pore size distribution of the as-
synthesized MCM-41 was linearly dependent on the number of carbons of the self-
assembled surfactant which is usually an alkyltrimethylammonium halide [102]. To 
obtain larger than 4nm pore size MCM-41, auxiliary organics were added to the slurry 
of synthesis mixture with varied organics to surfactant ratio [103]. The tunable pore 
size distribution of MCM-41 makes it high potential for anchoring different size 
transition metal complexes and applied for different size substrates in catalysis. 
Moreover, the larger pore size makes the MCM-41 materials preferable to zeolites 
whose smaller pore size distributions cause serious diffusion problem [104].  
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It should be remembered that before 1990s, a solid support possessing both 
high surface area and large diameter pore was hardly obtainable [105]. Only after 
MCM-41 was invented, this problem found a way to be solved [106]. Whats more, 
MCM-41 material also possesses excellent thermal stability, hydrothermal stability and 
acid resistance all of which are desired properties for industry applications. Chen et al. 
reported that pure siliceous MCM-41 exhibited so high thermal stability that its 
structure did not collapse until the temperature was above 850°C [107]. It was around 
800°C for the MCM-41 structural collapse under an oxygen flow blended with water. 
It should be pointed out that the conditions of the hydrothermal synthesis, especially 
the alkalinity of the parent hydrogel, influence the wall thickness. And the increase in 
the pore spacing will improve the thermal stability of MCM-41. Shen et al. also 
reported the postsynthesis alumination method for preventing structural defects for the 
MCM-41 material [108].  
 
Surface Chemistry of MCM-41 The surface properties the MCM-41 are of great 
importance for understanding the mechanism of interaction between MCM-41 and 
anchored transition metals. The surface of MCM-41 is terminated by surface silanols, 
which play an important role in catalysis and give the starting points for surface 
functionalization [109]. The surface properties of purely siliceous MCM-41 are similar 
to those of other silica material. Basically three different configurations of surface 
hydroxyl groups may be distinguished [109], i.e. isolated (A) and geminal (B) and 
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                   (A)                                       (B)                                        (C) 
Fig. 2.4. Three different configurations of surface hydroxyl groups 
 
            The mesopores of MCM-41 have capillary effect making the condensation of 
liquid, especially water, inside the pores easily. Hence, MCM-41 tends to adsorb some 
foreign substances, such as oxygen and water. Therefore, in this study we dry the 
MCM-41 supports at 200°C under vacuum before functionalization. The interaction of 
the adsorbate with the MCM-41 can vary greatly in nature, from weak interaction (by 
Van Der Walls forces) to physisorption and to strong chemical bonding or 
chemisorption. Generally, reactive species are oxygen and water. Other reactive 
elements or compounds, such as halogens or ammonia, can also be chemisorbed on the 
surfaces [109]. For some applications, the surfaces are also often functionalized by 
binding with some organic groups to produce derivatives or more complex surface 
groups, such as surface esters Si)-OR and surface amides Si)-NHR [110,111].  
 
Surface Functionalization of MCM-41 The organosilanes have been used for 
tethering catalytic species via reaction with the surface silica silanols for a long time 
[93]. They can provide surface groups that are inert under the reaction conditions and 
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have binding sites such as PPh2 or NH2 that can tether transition metals. For example, 
homogeneous Wilkinsons catalyst had been successfully been anchored on solid 
supports by surface phosphine ligands [112,113]. The immobilization of transition 
species onto the MCM-41 surface have also been reported using similar 
functionalization methods and highly reactive complexes are heterogenized 
successfully [114]. In 1999, Shyu et al.  reported the first time of the anchoring of 
Wilkinsons catalyst on the MCM-41 [115]. They used the (OEt)3Si(CH2)2PPh2 silane 
to react with the surface hydroxyl groups of MCM-41 to produce phosphosphinated 
MCM-41. And the MCM-41 supported Rh(PPh3)3Cl showed high activity for the 
hydrogenation of cyclohexene. Later on, Kawi et al. reported many MCM-41 
supported rhodium catalysts for hydroformylation reactions [116-118]. All the surface 
functionalizations were done by using organosilanes. In this study we used APES to 
react with various supports surface silanols to anchor (CH2)3NH2 ligands on the 
surface.  
 
Tailoring of the Pores Several papers mentioned the conventional functionalization 
methods applied on MCM-41 could result in major functionalization occurring outside 
the MCM-41 pores since the silanols there were more easily accessible [119,120]. 
They came up with a novel technique that before the functionalizing the silanols they 
passivated the silanols outside the MCM-41 channels. This was achieved by addition 
of Ph2SiCl2 in to the MCM-41 slurry under very low temperature (195K). With this 
technique, Wilkinsons catalyst had been tethered inside the pore channels of MCM-41 
[121]. Comparison with the MCM-41 supported analog catalyst without passivation 
showed that the passivated MCM-41 based catalysts had much less leaching of Rh. In 
this study we also introduced this technique to passivate our MCM-41 and SBA-15 
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supports before functionalization them with surface NH2 ligands. And the reaction 
results catalyzed by the passivated MCM-41 or SBA-15 supported catalysts have been 
compared with those catalyzed by non-passivated analogs.   
 
MCM-41 Supported Catalysts MCM-41 possesses high surface areas (> 700 m2/g), 
uniform pore size distribution (in the range 16 Å to 100 Å or more) and these uniform 
channels are in regular hexagonal array. Due to its novel structure and preferable 
properties to conventional supports, MCM-41 provides an ideal support for the 
heterogeneous catalysis. Corma et al. first time reported a MCM-41 supported Ti 
catalyst for the oxidation reactions of bulky substrates [122]. Reddy et al. reported the 
vanadium-containing MCM-41 for oxidation reactions [123]. Long et al. reported the 
Pt/MCM-41 exhibited a superior specific reaction rate for selective catalytic reduction 
of NO over other Pt supported catalysts using traditional supports [124]. One of the 
chief reasons for the high activity shown by these MCM-41 supported transition metal 
catalysts is that the metals can disperse well on the support surface due to the high 
surface areas provided by MCM-41. Recently, Kawis group reported many papers on 
MCM-41 supported rhodium catalysts for hydroformylation reactions [116-118]. For 
example, aminated MCM-41 tethered Rh4(CO)12 and Rh(PPh3)3Cl were used to 
catalyze hydroformylations of 1-octene and styrene [117].  And it was reported that the 
addition of PPh3 greatly enhance the catalytic performances of the supported catalysts 
especially for the Rh4(CO)12 based catalysts. And the supported Rh(PPh3)3Cl seemed to 
be more active than Rh(PPh3)3Cl for the hydroformylation of 1-octene. In another 
paper [116], Kawi et al. reported that the aminated MCM-41 tethered Rh4(CO)12 
exhibited high activity and stability for cyclohexene which was a relative inter 
substrate for hydroformylation. The surface donor ligands effects (-PPh2, -SH and 
NH2) were discussed. The MCM-41NH2 based catalysts showed a weak rhodium loss. 
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Whereas, MCM-41-PPh2 based ones exhibited serious leaching of rhodium and low 
activity. The MCM-SH supported ones showed no activity and no leaching. In this 
study, we also chose the amine ligands as the surface donor for our rhodium complexes. 
Chaudhari et al. reported the encapsulated HRh(CO)(PPh3)3 in MCM-41 which had 
been passivated the silanols groups at the external surfaces of the MCM-41 and MCM-
48 [121]. They comparatively showed the hydroformylation results catalyzed by the 
passivated MCM-41 and MCM-48 supported catalysts, non-passivated MCM-48 
supported catalysts, zeolites supported catalysts and normal SiO2 supported rhodium 
catalysts. The results showed that normal SiO2 supported catalysts although showed 
high activity and selectivity the leaching of Rh is above 50 %. Zeolite Y, which had 
not been treated with Ph2SiCl2 (the chemical used for killing the silanols), also suffered 
serious leaching of Rh around 27%. For all the synthesized heterogeneous rhodium 
catalysts whose supports had been treated with Ph2SiCl2, the leaching of Rh was below 
0.01%. Given the activity, selectivity and stability of these encapsulated catalysts 
employed the pore tailoring technique; they opened up new vistas for the industrial 
applications in synthesis of high boiling specialty aldehydes.  
 
 2.2.2      SBA-15  
Six years after the landmark discovery of MCM-41, its brother, which 
seemed stronger than MCM-41 was born. In 1998, Zhao et al. reported a new 
mesoporous silica support with highly ordered structures, which was SBA-15 [125]. 
SBA-15 possesses larger range of uniform pore size distribution which is 50 to 300 Å. 
Characteristic XRD diffraction patterns of SBA-15 show three diffraction peaks at 2θ 
angle 0.5~2º. BET surface area of SBA-15 is around 600~1000 m2/g and the pore size 
is around 8 nm. The silica wall thickness of SBA-15 ranges from 31 to 64 Å, which is 
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much than that of MCM-41 (commonly 10 to 15 Å). And its channels are also 
hexagonally highly ordered.  The tailoring of pore size distribution of SBA-15 can bee 
easily done by adjusting the different temperatures (80 to 140°C) for the reaction 
solution for different duration of time (11 to 72 hours). Higher temperature or longer 
time will result in larger pore size yet the wall thickness will also be reduced. Zhao et 
al. also reported that [126], the pore size of hexagonal mesoporous SBA-15 could be 
increased to more than 300 Å by increasing the hydrophobic volume of self-assembled 
aggregates. They mentioned that this could be obtained by changing the copolymer 
composition or block sizes, or by adding cosolvent organic molecules, such as 
trimethylbenzene (TMB). The self-assemble surfactants for forming SBA-15 are some 
triblock copolymers such as EO20PO70EO20, PO19EO33PO19 etc. Since SBA-15 was 
synthesized it has aroused extensively attention for its high potential applications in 
catalysis, separation and biosynthesis. Song et al. successfully used aminated SBA-15 
for drug delivery system [127]. 
 
SBA-15 in Catalysis Wang et al. reported using SBA-15 as support for impregnation 
of cobalt catalyst to catalyze Fischer-Tropsch synthesis of CH4 [128]. They varied the 
SBA-15 pore size from 3.6-5.5nm and found that the catalyst with larger pore diameter 
showed a slightly higher conversion at 523K. This may be attributed to the less 
diffusion resistance with the larger pore size. Kim et al. also reported SBA-15 
supported iron for the Fischer-Tropsch synthesis of hydrocarbons [129]. The supported 
iron was in two predominant phases: α-Fe2O3 and ferrihydrite. And it seemed that the 
SBA-15 support could stabilize the ferrihydrite relative to theα-Fe2O3.  These SBA-15 
supported iron catalysts were both selective and active and the Al to Si ratio influenced 
the selectivity in a certain range. Huang et al. reported SBA-15 supported Wilkinsons 
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catalyst for hydrogenation reactions of styrene, 1-hexene and cyclohexene [130]. They 
found that the catalyst immobilized on SBA-15 were even more active than their 
homogeneous counterpart. The attributed this to the high surface area of SBA-15 
which made the catalyst dispersed very well thus maintaining its molecular nature. The 
SBA-15 supported catalyst was so stable that after 20 times reuse for hydrogenation of 
cyclohexene no deactivation was detected. Jiang et al. also reported SBA-15 supported 
Pd(0) catalyst for hydrogenation reactions [131]. They incorporated PAMAM 
dendrimers inside the SBA-15 channels and made use of the dendritic SBA-15 as host 
to encapsulate Pd(0) nanoparticles. The catalytic results showed that the SBA-15 
supported catalyst was very active for the hydrogenation of allyl alcohol. The 
hydrogenation rate and selectivity could be controlled by using different PAMAM 
generation catalysts. And these heterogeneous catalysts were stable enough to be 
recycled multiple times and stored for one month under ambient conditions.  
 
Although SBA-15 has not been reported for being used as support for 
hydroformylation reactions, Fischer-Tropsch reactions and hydrogenation reactions are 
very close to hydroformylation on the basis of the reaction conditions and the 
substrates and transition metals involved. In this study, we employed SBA-15 as 
support for the hydroformylation of styrene in aim to synthesize a highly active, 





2.2.3      Dendrimer  
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Dendrimers, being introduced in the 1970s are a relatively new class of 
molecules [132]. The unique structures of dendrimers attracted great interest of 
scientist worldwide. In many areas this new type of polymer has been studied for 
applications. For example, they have been used for making biomimetic catalysts [133], 
molecular carriers for chemical catalysts [134], potential vehicle for drug deliveries 
[135], chromatographic separations [136] and dendritic antibody [137] etc. Since the 
field of dendrimer chemistry is in a tremendously fast growing phase, important 
applications will likely emerge in many areas. Generally, these highly branched regular 
three dimensional monodisperse molecules are synthesized through a divergent or 
convergent method [138]. In the divergent method, dendrimers are built stepwise from 
a multifunctional point and through the reiteration of a sequence of reactions. For 
example, for the synthesis of PAMAM dendrimer, the starting material is an ethylene 
diamine [139]. Through the reiteration of Michael addition reaction and amidation 
reaction, the branches of the dendrimer grow from the two amine ends along with the 
dendrimer generation increases. The sequence of reactions allows one to synthesize 
dendrimers generation after generation. The divergent methods should suffer defects 
when the generation number increases due to the highly branched structure. The 
convergent method consists of the branching of dendrons (branched polymeric arms) 
using the reactivity of their core. The convergent methods also involve repetition of 
several chemical reactions but the reaction cycles are used to synthesize dendrimer 
branches instead of complete dendrimers. The dendrons of this method contain a focal 
point from where more attachments of a core molecule can be linked. The convergent 
method suffers from steric constraints when the dendrons supposed to be linked to the 
core become too large. In this study we used divergent method to grow PAMAM 
dendrimers on solid supports such as SBA-15, MCM-41 and nano-alumina particles.  
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Dendrimers in Catalysis As a consequence of their three-dimensional structure and 
multiple internal and external functional groups, these groups can act as host for guest 
transition metals. The dendrimer-encapsulated transition metals, such as rhodium, have 
high potential applications for catalytic industry [140-143]. There are several 
advantages of using dendrimer based catalysts over the monomer based ones. Firstly, 
they can catalyze the reactions under homogeneous conditions with high performance 
while they can be recycled and separated from the liquid phase simply by nano-
filtration [143]. Secondly, the presence of multiple catalytic centers in close vicinity 
may result in positive dendrimer effect which brings higher selectivity [144]. Thirdly, 
transition metals coordinated by dendrimers have been reported to possess higher 
thermal stability than the monomeric counterparts [145]. In 1994, the first dendritic 
catalyst [146] was described, and a lot of dendritic catalytic dendritic systems have 
been reported [147]. Among the various types of dendrimers that have been 
synthesized and applied in catalysis, PAMAM dendrimer is one of the most studied 
and commercially available [148]. Its structure is shown in the below Figure. This 
study also focused on the heterogenized PAMAM dendrimer supported catalysts. The 
structure of PAMAM dendrimer up to 3rd generation is shown in Figure 2.5. 
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Fig. 2.5. PAMAM (generation 3) dendrimer structure 
 
Alper et al. firstly reported the heterogenized PAMAM dendrimer based 
rhodium catalysts using silica gel as support [149]. PAMAM dendrimers from zeroth 
to 4th generation were synthesized to tether Rh(I) complex to catalyze the 
hydroformylation reactions. The rhodium loading on these dendritic supports was not 
linearly dependent on the dendrimer generation. The PAMAM-G0-SiO2 contained the 
highest Rh concentration while the PAMAM-G3-SiO2 contained the lowest. Although, 
theoretically the binding sites will increase exponentially as the dendrimer generation 
increases for this situation incomplete growth of branches are likely to occur and 
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resulting in heterogenized dendrimers with lot of defects. The TOF also did not show 
any correlation to the dendrimer generations, except that the highest TOF was 
observed with generation 2.  The activity and selectivity shown by these catalysts were 
high however leach of Rh was visible for PAMAM generation 0, 1 and 2 based 
catalysts. Spectroscopic evidence for the growth of PAMAM dendrimer was lacking 
then. In 2000, Alper et al. reported on a similar Rh-PPh2-PAMAM-SiO2 catalytic 
system which varied the spacer chain of the PAMAM dendrimer to study the effects 
[150]. They found that as the chain length was increased from 2 to 4 carbons and also 
from 4 to 6 carbons the catalytic activity and recyclability increased dramatically. They 
explained the results by the decongestion effects from the longer spacer chain in the 
dendrimer. However, as the chain carbon increased from 6 to 12 the activity did not 
increase much. They also attributed to the lower activity of the generation 3 and 4 
based catalysts in the previous report to the steric crowding due to the higher 
generation dendrimers. Comparison to polymer-supported catalysts these systems on 
silica supports showed very high activities. The authors propose that this is caused by 
the well-exposed ligands on the outer-core of these systems. They suggest that 
cooperativity is another factor leading to high reactivity [151]. In 2004, Alper et al. 
firstly reported the combination of PAMAM dendrimer with MCM-41 for the support 
for the rhodium hydroformylation reactions [152]. PAMAM dendrimers up to 3rd 
generation were functionalized on the MCM-41 support. Systematic characterizations 
were applied on this dendritic MCM-41 support as they grew each half step. The FTIR 
and TGA/DTA analysis both qualitatively and quantitatively proved the growth of 
PAMAM dendrimers on MCM-41. The generation 0 based catalyst was the most 
active among the generation 0, 1 and 2 based catalysts. Generation 2 based catalyst 
showed very low activity due to the low level of rhodium. Dendritic MCM-41 of 
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generation 3 met high steric encumbrance and was not attempted for the reaction. In 
conclusion, this is a successful example of the use of a dendrimerbased heterogeneous 
catalyst system with an activity comparable to that of homogeneous systems.At the 
same time catalyst recovery might be possible via size exclusion techniques. Alper et 
al. also anchored dendrimers on resin for the support of rhodium catalyst for the 
hydroformylation reaction of aryl olefins and vinyl esters [153]. The high activity and 
selectivity were tentatively attributed to the cooperative catalytic behavior of multiple 
coordination sites from the rhodium complex dendrimer. Reek et al. reported the core- 
and periphery-functionalised dendritic catalysts which were large enough to be 
separated by nano-filtration techniques [154]. For the core-functionalised rhodium 
dendritic catalysts the dendrimer generation does not increase the activity. When 
higher generation dendrimer was used for 4,4,4-triphenylbut-1-ene, a steric demanding 
substrate, the activity dropped with a factor of 4, an effect larger than for the less steric 
demanding 1-octene. This dendritic catalyst potentially can be used for substrate 
recognition. For the periphery-functionalised rhodium dendritic catalysts, the higher 
generation dendrimer lead to a slower catalyst and this was attributed to the high local 
ligand concentration. However, the selectivity did not drop with the higher generation, 
and a similar dendritic effect to that of the Cole-Hamilaton et al.s [155] was observed 
with a dendritic ligand with 12 SiCH2CH2PPh2 end groups. 
 
Positive Dendrimers Effect One of the most interesting and useful properties of 
dendrimers is their positive dendrimer effect. In catalysis, this effect will promote 
either activity or selectivity or both with the increase of dendrimer generation. This 
effect has been attributed to the cooperativity of the multiple active sites [147]. 
However, sometimes when the dendrimer arms grow longer they tend to entangle with 
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each other thus creating undesired steric crowding which is harmful for catalytic 
performances. And this problem can be solved by careful design of the spacer of 
dendrimer arm which leads to more dendron-like dendrimer relieving the steric 
crowding. For example, Alper et al. reported anchoring of rhodium catalysts on SiO2 
functionalised with PAMAM dendrimers [150]. The better activity of G4 over G3 was 
due to a better architecture. Reetz et al. reported that the dendritic catalyst of 4th 
generation exhibited 3 times activity compared to the parent compound based catalyst 
[156]. And it was attributed to the higher thermal stability of the dendrimer. In another 
case, a strong positive dendrimer effect was observed with both PPI and PAMAM 
dendrimer based palladium catalysts for the asymmetric catalysis [157]. Higher e.e. 
was produced with higher generation dendrimer had been observed with up to 4th 
generation. The underlying mechanism is still not clear but this may be ascribed to the 
more conformation flexibility with higher generations. Positive dendrimer effect has 
also been observed in many other catalytic reactions such as expoxidation, Pauson-
Khand reaction and hydroesterification of olefins etc. [158-160].  
 
2.2.4    Nanoscale Catalysis  
Nanoscale supports are of considerable interests due to their special properties. 
For example, the nanoscale silicon carbide exhibited higher elasticity, strength and 
toughness than the counterparts larger than nano scale [161]. The superior properties 
shown by the material were chiefly due to the smaller size.   Usually, nanoscale 
materials provide higher surface areas than their corresponding bulk materials. The 
quantum effect, unique to the nanoscale supports, can also endue them with novel 
properties. Based on this effect, nanoscale supports showed excellent applications in 
fabrication photonic and electronic nanodevices [162]. Recently, nanoscale supports 
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have found extensive applications in catalysts, sensors, semiconductors, and 
photoelectronics [163]. 
 
Nanoscale catalysts are often reported to have remarkable catalytic 
performances and this can be chiefly due to the size effects [164,165]. For example, 
Zhao et al. reported dendrimer based Pd and Pt nanoparticles for the hydrogenation 
catalysis [166]. In this system dendrimers acted as nanofilter for nanoparticles and the 
reaction rate and selectivity could be controlled by adjusting the nanomesh. Such 
combination offered a highly active, selective and stable catalyst which could be 
separated from the aqueous phase easily. Similarly, nano Pd(0) particles were reported 
to be combined with PAMAM dendrimer for hydrogenation of allyl alcohol [131]. 
Such combination also produced highly active and stable catalysts and the selectivity 
could be controlled by dendrimer generation. It had been reported that the 
nanostructured barium hexa-aluminate (BHA) oxides exhibited excellent catalytic 
activity for the combustion of CH4 [167]. Recently, Steven et al. reported nanoparticle 
supported catalysts for various reactions [168]. The maghemite nanocrystal supported 
catalyst Pd-NHC complex (N-heterogcyclic carbenes) showed stability as reaction 
temperature was as high as 110°C. No significant loss of catalytic activity of the 
nanoparticle catalyst was observed after several cycles. And these catalysts could be 
recycled easily from the liquid phase by using a permanent magnetic.  
 
In 1999, Zhang et al. reported nanotube supported rhodium catalysts for 
hydroformylation of propene [169]. The open-end carbon nanotube supported rhodium 
phosphine catalysts not only showed high activity for propene conversion but also 
excellent regioselectivity. Comparison with the results from ends-unopened carbon 
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nanotube supported catalysts, it was suggested that the tubular nanochannels were 
promotional to the selectivity of hydroformylation due to the confinement.  In 2001, 
Gao et al. reported nanofiber supported rhodium catalysts for hydroformylation of 
ethylene [170]. The catalytic results of nanoscale supports based catalysts were 
compare with those of the normal silica based one. They found that the former showed 
much higher selectivity than the latter toward propionaldehyde.  The support effects 
were likely responsible in that the high surface areas of nanofiber allowed we disperse 
of the rhodium metal. TEM images also showed that the rhodium metal supported on 
nanofiber had a set of morphology indicating strong metal-support interaction. And the 
metal particles possessed predominant Rh(111)  crystallographic face. These features 
were not observed on the silica supported catalyst. More recently, Alper et al. reported 
a nanoparticle supported rhodium catalysts using PAMAM dendrimers as linkers [171]. 
PAMAM dendrimers up to 3rd generation were functioanlised on the silica-coated 
magnetic particles. These novel supports tethered rhodium complexes were used to 
catalyze hydroformylation of various alkenes. These nanoscale catalysts were highly 
active and selective. The generation 0 and 1 based catalysts could be recycled and 
reused without significant loss of activity and selectivity up to five runs. 
 
So far, we have reviewed the properties of MCM-41, SBA-15, dendrimer and 
nanoparticles and their applications in catalysis. Given the excellent performances and 
desirable properties of the solid supports and dendrimer effect can be expected when 
transition metal is anchored on dendrimer, in this study we employ MCM-41, SBA-15 
and nano-alumina particle as solid supports to functionalize with PAMAM dendrimer 
of several generations. These nanostructured dendritic supports have been used to 
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anchor Wilkinsons complexes for the hydroformylation of styrene. These 
heterogenized catalysts showed excellent catalytic performance and stability. 
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Chapter 3.  Experimental  
3.1       Preparation of Catalysts 
3.1.1    Chemicals 
P123 (poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene 
glycol)), CTMABr (cetyltrimethylammonium bromide), APES (3-
aminopropyltriethoxysilane), Ph2SiCl2 (dicholodiphenylsilane), MA (methyl acrylate) 
(EDA) ethylenediamine and pure polyamidoamine (PAMAM) were purchased from 
Aldrich. RhCl(PPh3)3 (Wilkinsons catalyst) and HRh(CO)(PPh3)3 (Wilkinsons 
complex) which were used as the rhodium precursors were purchased from Strem 
Chemicals. All solvents were dried and distilled before use. 
 
3.1.2    Synthesis of MCM-41                                                                            
            The pure siliceous MCM-41 was prepared according to the literature [172]. 
Two gram of NaOH was dissolved in 90g of deionized water first, then 6g of silica 
aerosil was added to the above NaOH solution under stirring and heating till the aerosil 
was completely dissolved. CTMABr solution (prepared by dissolving 9.1g of 
CTMABr in 50g of deionized water) was added dropwise to the silica gel under 
stirring at room temperature. The pH value of the solution was adjusted to 11.5 using 
2mol/L of HCl solution and the solution was stirred continuously for additional 6 hours 
at ambient temperature. The mixture slurry was then transferred into a polypropylene 
bottle and statically heated at 100°C for 3 days for crystallization. After that, the 
resulting solid powders were filtered. They were pure white and plenty deinoized water 
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was used to wash them until the eluted filtrate was clear and without bubble, and then 
they were dried at 50°C in oven overnight.  
 
Then wet MCM-41 (uncalcined) has to be calcined to remove the organic 
template to form the mesopores. The surface water of as-synthesized MCM-41 
powders were removed by heating the powders in a vacuum oven at 120 °C and for 60 
minutes for desorption of water. Then the powders were transferred to a furnace 
programmed to heat at 600°C with the ramping rate of 5°C/min and maintained at 
600°C for 10 hours to remove the organic template completely. 
 
3.1.3    Pre-treatment of MCM-41  
It has been reported [173] that there exists a weak physical interaction between 
the MCM-41 surface and the water molecules. The physisorbed water molecules 
interact with the surface either by Van Der Waals forces or by hydrogen bonds. The 
MCM-41 channels also have capillary effect for water to be condensed inside it at a 
lower temperature. However, the rhodium complexes used to tether on the MCM-41 
support are water sensitive; therefore the physically adsorbed water has to be removed 
from the surface of the support. For normal silica gel 100°C is enough for removal of 
physisorbed water [174], however, MCM-41 material has to be heated under vacuum 
at 200°C for 6 hours to remove the physically adsorbed water [175]. In this study, the 
MCM-41 support was pre-heated under vacuum at 200°C for 12 hours to remove the 
physically adsorbed water before functionalization. 
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3.1.4   Passivation of MCM-41 and Functionalization inside Pores 
            This functionalization method was to passivate the silanols outside the 
mesopores of MCM-41 prior to functionalization [120,176]. The anchored amine 
groups are initiator sites which form zeroth generation of dendrimer from which 
higher generation of dendrimers would be grown.  
Typically, 2 g of dried MCM-41 was slurried in 60 ml of THF. 0.06 ml of 
Ph2SiCl2 was added to the slurry and the suspension was stirred for another 1 hour. 
The reaction mixture was cooled to 195 K, and 1.0 ml of APES was added to the 
reaction mixture. The slurry was stirred for 3 hours at 195 K, slowly warmed to 
ambient temperature, and then left at 50°C for 20 hours. The reaction mixture was then 
filtered, and the solid was washed with copious amounts of THF (100 mL) and dried 
under vacuum at 120°C for 12 hours. The resulting solid was named as PM0, which 
stands for passivated MCM-41 grafted with zeroth-generation of dendrimer. 









Fig. 3.1.  Functionalization of MCM-41 by APES 
 
3.1.5   Functionalization of MCM-41 without Passivation 
          This functionalization method was via direct reaction of the surface silanols with 












 Si(CH2)3NH2            
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Typically, 5.0 g of MCM-41 and 150 ml of toluene solution containing 5 ml of 
APES were charged into a 250 ml three-neck flask, and the mixture was refluxed for 
48 hours under stirring with a magnetic stirrer. After functionalization, the solid was 
dried in vacuo at 120°C for 12 hours. The resulting functionalized MCM-41 solid was 
named as M0, which stands for MCM-41 grafted with zeroth-generation of dendrimer. 
 
3.1.6  Preparation of MCM-41-based PAMAM Dendrimer 
Grafting of PAMAM dendrimer on the functionalized MCM-41 (M0 or PM0) 
was achieved by two alternate steps [158] as illustrated in Figures 3.2 and 3.3. 
 
Michael addition (Figure 3.2), which is the reaction step in grafting the first 
half generation of dendrimer on M0 or PM0, was carried out as follows: 150 ml of 
ethanol and 2.5 ml of MA (methyl acrylate) were added into a 250ml three-neck flask 
containing 5 g of M0 or PM0. The mixture was refluxed for 24 hours under stirring 
with a magnetic stirrer. After Michael reaction, the solid was filtered and washed by 
ethanol. The resulting solid was named as M0.5 or PM0.5, which stands for MCM-41 
grafted with half-generation of dendrimer or passivated MCM-41 grafted with half-
generation of dendrimer, respectively. 
       Fig. 3.2.  Growing of 0.5 generation PAMAM dendrimer from MCM-41(NH2) 
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The step two, amidation of terminal ester groups shown in Figure 3.3, was 
carried out as follows: into the 250 ml three-neck flask that contained the silica, 150 ml 
ethanol and 10 ml of EDA (ethylenediamine) were added. The mixture was stirred 





                
G0.5                                                               PAMAM Dendrimer G1   
 
Fig. 3.3.  Growing of  PAMAM dendrimer G1 from G0.5 
 
Similarly, alternate Michael addition and amidation were conducted repeatedly 
to propagate the dendrimer to 2nd generation. Theoretically, in Gn dendrimer, there are 
2n of branches of amide (-CONH-) linked with terminal amine group (-NH2).  
 
3.1.7  Preparation of MCM-41-Tethered Rhodium Catalysts 
          In this study, dendritic MCM-41 supports (Mn or PMn, where n stands for the 
number of generation of grafted dendrimers) were reacted with RhCl(PPh3)3 by 
Chapter 3.  Experimental 
    53
coordination of the surface ligand donors to the rhodium precursor to produce rhodium 
complex catalyst tethered on the grafted dendrimer on MCM-41.   
 
 The tethering of Rh precursor to the dendritic MCM-41 supports was carried 
out as follows [177].  After dissolving 91 mg of RhCl(PPh3)3 (Wilkinsons catalyst) in 
60 ml toluene, 0.5 g of dendritic MCM-41 support (Mn or PMn) was added to the 
solution and the mixture was stirred and refluxed overnight at 110°C under nitrogen 
protection (Figure 3.4a). The catalysts were designed to contain 2 wt% of rhodium (i.e. 
0.194 mmol Rh/g of catalyst support).  The whole procedure for the preparation of 
tethered rhodium complex catalysts was carried out under nitrogen atmosphere so that 
there would be no exposure of the catalysts to air or moisture as such exposure may 
affect the catalytic activity of the supported rhodium catalysts. After cooling down to 
room temperature, the mixture was filtered and the separated solid was washed with 
toluene (4 x 20 ml) and then dried under vacuum at room temperature. It should be 
noted that all the PMn and Mn samples were dried at 120°C for 12 hours before they 
were used to tether RhCl(PPh3)3.   
 
The synthesized catalyst was designated as WMn (n=0,1,2) or WPMn (n=0,1,2), 
where W stands for the RhCl(PPh3)3 precursor, M stands for MCM-41, P for 
passivation and n for the ordinal number of the generation of the grafted dendrimers.  















O RhCl(PPh3)3    
 
Si(CH2)3NH2- 
     -RhCl(PPh3)2           
 
  Si(CH2)3NH2     
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3.1.8     Synthesis of SBA-15                                                                            
             The pure siliceous SBA-15 was prepared according to a reported procedure 
[126,178]. Pluronic P123 triblock copolymer was used as surfactant template. The 
molar composition of gel was 1 SiO2 : 0.017 P123: 2.9 HCl: 202.6 H2O. The surfactant 
Pluronic P123 was dissolved in the mixture of water and HCl at 40°C. After the 
solution was clear, tetraethylorthsilicate was added to the surfactant solution and the 
mixture was then transferred to a polypropylene bottle and heated at 100°C for 2 days. 
The white solid was filtered, washed with deinoized water until no bubble was in the 
filtrate. Then the filtered pure white powders were transferred to a crucible to be dried 
at 50°C in oven overnight. The uncalcined SBA-15 has to be calcined to remove the 
organic template from the mesopores. Therefore the samples were transferred to a 
furnace programmed to heat at 550°C with the ramping rate of 5 °C/min and 
maintained at 550°C for 8 hours.  
           
3.1.9     Synthesis of SBA-15 Supported Dendritic Catalysts 
             In this study, the passivation of the SBA-15, the functionalization of SBA-15 
with surface amine ligands, growing PAMAM dendrimers on SBA-15 up to 3rd 
generation and tethering RhCl(PPh3)3 were all following the same methods and steps 
of those for the case of using MCM-41 as support. A little difference in the passivation 
of SBA-15 was that 2 fold more Ph2SiCl2 was applied due to the 2 fold more silanols 
on SBA-15.  
 
           The nomenclature for the SBA-15 supported dendritic catalysts is also similar to 
that of the MCM-41 supported ones. Basically, the SBA-15 based supports are named 
as PSn or Sn (n=0,1,2,3) where P stands for passivation, S for SBA-15 and n for the 
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dendrimer generation number. SBA-15 supported catalysts are designated as WPSn or 
WSn (n=0,1,2,3). W indicates the rhodium precursor is from RhCl(PPh3)3 .  
 
In this study, HRh(CO)(PPh3)3  was also used as rhodium precursor for 
dendritic SBA-15 supports (Sn or PSn, where n stands for the number of generation of 
grafted dendrimers) by coordination of the surface ligand donors to the rhodium 
precursor (Figure 3.4b) to produce rhodium complex catalyst tethered on dendrimer 
grafted on SBA-15.  
 





Fig. 3.4b.  Tethering of HRh(PPh3)3 on aminated SBA-15 
  
 The tethering of Rh precursor to the dendritic SBA-15 support was carried out 
as follows.  After dissolving 90 mg of HRh(CO)(PPh3)3, (Wilkinsons complex) [179] 
in 60 ml toluene, 0.5 g of dendritic SBA-15 support (PSn or Sn) was added to the 
solution and the mixture was stirred and refluxed overnight at 70°C under nitrogen 
protection. The catalysts were designed to contain 2 wt% of rhodium (i.e. 0.194 mmol 
Rh/g of catalyst support). The whole procedure for the preparation of tethered rhodium 
complex catalysts was carried out under nitrogen atmosphere so that there would be no 
exposure of the catalyst to air or moisture as such exposure may affect the catalytic 
activity of the supported rhodium catalyst. After cooling down to room temperature, 
the mixture was filtered and the separated solid was washed with toluene (4 x 20 ml) 








O HRh(PPh3)3    
 
Si(CH2)3NH2- 
    -HRh(PPh3)2              
 
  Si(CH2)3NH2     
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The synthesized catalyst was designated as HSn or HPSn, where H stands for 
the HRh(CO)(PPh3)3 precursor, S stands for SBA-15, P for passivation and n for the 
ordinal number of the generation of the grafted dendrimers. It should be noted that all 
PSn (n=0,1,2) and Sn (n=0,1,2) samples were dehydrated at 120°C under vacuum for 
12 hours before they were used to tether RhCl(PPh3)3 or HRh(CO)(PPh3)3. The freshly 
made light green catalyst was stored in a LABCONCO glove box.   
 
3.1.10    Synthesis of Nanoparticles of Al2O3                                                                            
90.51 g of aluminium nitrate was added to.360 ml of ionized water in a 500 ml 
beaker and the mixture was stirred continuously using a magnetic stirrer. At the same 
time, aqueous ammonia was added to the solution slowly until the pH value was 
adjusted to 9.0. The slurry mixture was put into Teflon lined autoclaves and heated in a 
furnace at 150oC for 20 hours. After heating, the slurry mixture was cooled and then 
separated by centrifuge and the collected solid was left to dry overnight at 80oC.  The 
solid product was then calcined at 550oC for 12 hours with a ramping rate of 10oC/min. 
After calcination, the resulting nano-Al2O3 particles were stored in a glove box for 
future use.  
 
3.1.11  Synthesis of Nano-Al2O3 Supported Dendritic Catalysts 
In this study, the functionalization of nano-Al2O3 with surface amine ligands, 
growing PAMAM dendrimers on nano-Al2O3 up to 3rd generation and tethering 
RhCl(PPh3)3 all followed the same methods and steps of those for the case of using 
MCM-41 or SBA-15 as support.  It should be noted that every time the nano-Al2O3 
based samples were separated from liquid solution by using centrifuge.  
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3.1.12   Synthesis α-Al2O3 and γ-Al2O3 Supported Dendritic Catalysts 
  The functionalization of nano-Al2O3, α-Al2O3 and γ-Al2O3 with surface amine 
ligands, grafting of PAMAM dendrimers on these functionalized supports and 
subsequent anchoring of RhCl(PPh3)3 on these supports follow the method for 
tethering of RhCl(PPh3)3 on MCM-41. A Gn/support symbol was used to designate 
these supported dendrimers as Gn signifies the generation nth PAMAM dendrimer on 
the support. For example, G2/nano-Al2O3 means 2nd generation PAMAM dendrimer 
supported on nano-Al2O3. The rhodium complex tethered on nano- Al2O3, α-Al2O3 and 
γ-Al2O3 supports were named as Rh/Gn/support in the chapter 7. 
 
3.2       Hydroformylation Reactions 
3.2.1    Equipment 
            The major equipment used for the hydroformylation reaction was a small-scale 
autoclave with mechanical stirrer (Parr reactor, model 4561 V=300 ml) equipped with 
a temperature controller (Eurotherm 808), which are shown in Figure. 3.5. The reactor 
head was fitted with gas inlet and outlet values, a pressure gauge, a stirrer and a 
rupture disk, which was used for the release of pressure in the event of a rapid rise of 
pressure in the reactor. A sampling tube was also fitted on the reactor head for 
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Fig. 3.5. Schematic diagram of the experimental set-up of the reactor system 
* Pr: Pressure Gauge  
 
3.2.2    Reaction Procedure 
The hydroformylation reactions were carried out at 20 bars of CO/H2 (1:1) gas 
mixture at the temperatures of 60°C, 70°C or 80°C. The substrate was styrene. The 
required amount of the fully dried olefin and the solvent, tetrahydrofuran (THF) or 1-
hexane for one reaction was 3 ml and 50 ml respectively. In the experiments with 
supported catalysts, 0.15g of heterogenized catalyst was transferred into the reactor 
under nitrogen atmosphere. And the solvent was pumped into the reactor. Then after 
system reached the temperature required for the reaction, styrene was pumped in. The 
whole system was flushed with syn-gas before the reaction. The reaction mixtures 
were taken for sampling every 1 or 3 hours during the reaction. Gas chromatograph-









Cooling water out Cooling water in
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reactant and product during or after reactions. The non-polar capillary column used 
was HP-5MS (Crosslinked 5% Phenyl Methyl Siloxane) with a length of 30 m and a 
diameter of 0.25 mm. 
 
 It should be noted that dealing with syn-gas (mixture of hydrogen and carbon 
monoxide in 1:1 ratio) must be with extreme care as it is both explosive and toxic and 
stored under high pressure. Therefore, before the reaction is run, nitrogen gas is 
injected to the piping system to test whether there is leakage then swept off by syn-gas. 
When syn-gas is pumping into the reactor, it should be added gradually.  
 
3.3       Characterization  
3.3.1    X-ray Diffraction (XRD) 
XRD data is widely used as a fingerprint in the identification of materials. It 
could be used to determine the crystal lattice dimensions and to identify the structure 
and composition of all types of crystals and related materials. X-ray diffraction (XRD) 
analysis was carried out using a Shimadzu XRD-6000 X-ray diffractometer equipped 
with a Cu Kα X-ray generator to identify lattice structure under ambient condition. 
The X-ray tube was operated at 40 kV and 30 mA. The sampling pitch was 0.20° and 
the preset time was 0.6 sec.  
 
MCM-41 The analysis condition for MCM-41 was as follows: divergence slit: 0.050°, 
scatter slit: 1.00°, receiving slit: 0.15 (mm). The scanning range was from 1.50 to 
10.00° with a scanning speed of 2.00°/min using continuous scan mode. The sample 
was finely grounded and placed into an aluminum sample holder with an 18×18×2-mm 
opening. The samples surfaces were kept smooth and even. The holder was then 
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placed in a Shimadzu XRD-6000 to be analyzed. Dendritic MCM-41 supports or 
supported catalysts were analyzed with the same conditions.  
 
SBA-15 The analysis condition for SBA-15 was as follows: divergence slit: 0.050°, 
scatter slit: 1.00°, receiving slit: 0.15 (mm). The scanning range was from 0.7 to 5.00° 
with a scanning speed of 2.00°/min using continuous scan mode. The sample was 
finely grounded and placed into an aluminum sample holder having an 18×18×2-mm 
opening. It was important to keep the sample surface smooth and even. The holder was 
then placed in the chamber of Shimadzu XRD-6000 to be scanned. Dendritic SBA-15 
supports or supported catalysts were analyzed with the same conditions.  
 
3.3.2 BET Analysis  
The N2 isotherms of samples were determined with an Autosorb-1 
(Quantachrome) for each BET (Brunauer, Emmett, Teller) analysis. Approximately 50 
mg of sample was placed into the sample cell. The samples were first outgassed at 
200°C for about 12 hours for MCM-41 or SBA-15. For dendritic MCM-41 or SBA-15 
samples the temperatue for outgass is 120 °C and time is 12 hours. The weight of 
samples was measured again to get the net weight after degassing. A glass rod was 
then placed into the sample cell to reduce the dead space. The sample cell was then 
placed into the analysis station. Liquid nitrogen at 77.4 K was used as the adsorbate. 
The low temperature of 77.4 K was achieved by immersing the sample cell into a flask 
of liquid nitrogen throughout the period of analysis. Nitrogen was used as the 
adsorbate because its molecules are relatively spherical and small. The various 
parameters, including the sample weight and other arbitrary parameters were entered 
as inputs and the analysis was then performed. The specific surface areas and the pore 
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structures of supports were calculated based on BET method and Barrett-Joyner-
Halenda (BJH) desorption isotherm method, respectively.  
 
3.3.3    FTIR Analysis 
FTIR is used to identify the functional groups such as amino groups, amide 
groups and rhodium carbonyls etc. present in the dendritic supports or catalyst 
molecules in order to give some information of the molecule structure of the catalysts. 
This would be useful for understanding the growth of the PAMAM dendrimer and the 
state of the catalyst during the catalytic reaction. In this study, about 15 mg of dendritic 
MCM-41 or SBA-15 samples were finely grounded and pressed (at 4 ton/cm2 pressure 
for 15 minutes) into a self-supported wafer, which would be placed into a quartz IR 
cell equipped with CaF2 windows. A heating wire around the quartz insulator beside 
the sample wafer allowed collection of spectra at high temperature (200-300°C). The 
cell was cooled by circulating water from a water bath. The temperature was controlled 
by a thermocouple placed close to the catalyst sample in the cell. For the 
characterization of carbonyl groups of fresh or used heterogenized catalysts, the 
samples were transferred into a KBr window in the glovebox before analysis. 
 
 SHIMADZU FTIR-8700 spectrometer was attached to a vacuum apparatus. 
The samples were firstly cleaned by heating at 200°C for two hours under vacuum. 
After the temperature was cooled down to room temperature, FTIR was performed 
with a 2 cm-1 resolution for 40 runs.  
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3.3.4    Inductively Coupled Plasma Atomic Emission (ICP) 
The weight content of the rhodium metal in the catalysts was determined by 
inductively coupled plasma atomic emission (ICP). For ICP measurements, 0.05g of 
solid samples was firstly dissolved in 5 ml of hydrofluoric acid (HF, 40%) to dissolve 
the silica component of the sample at 100°C in a Teflon bottle. After hydrofluoric acid 
(HF) was evaporated, 1 ml nitric acid (HNO3, 65%) and 5 ml of hydrochloric acid (5 
M) were added into the reaction mixture to completely dissolve the left rhodium metal. 
Twenty ml deionized water was added into the mixture and heated at 100°C for 1 hour 
to evaporate nitric acid and hydrochloric acid. After that the solution was cooled down 
to room temperature and then diluted by deionized water in a 25 ml volumetric flask. 
A series standard rhodium solution is prepared for analysis and the blank solution 
should be from the same source of deionized water used to prepare the standard 
solutions. 
 
3.3.5    Gas Chromatograph 
Gas chromatograph-flame ionization detection (GC-FID) was used to identify 
the reactants and products during and after reactions, in order to test the conversion of 
the styrene and the B/L ratio between the 2-phenylpropionaldehyde and 3-
phenylpropionaldehyde. Since the liquid phase reaction mixture contained the reaction 
products of aldehydes and substrate and THF or 1-hexane solvent, a series standard 
solution containing different rations among styrene, linear and branch products were 
prepared to make calibration curves with linearity higher than 0.99 for calculating the 
conversion of styrene and regioselectivity. One µL of the sample was injected 
automatically into Agilent 6890 Series (auto sampling system) Gas Chromatography 
injector. The separation column used was HP-5MS (Crosslinked 5% Phenyl Methyl 
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Siloxane) with a length of 30.0 m and a diameter of 0.25 mm. Since this column 
stationary phase is nonpolar, it provides a separation that parallels the compounds 
boiling points, with lowest boiling point component coming off first and highest 
boilers last. The injection port and FID temperatures were set at 230°C and 220°C 
respectively. The flow rate of helium as a carrier gas was set at 47 cc/min. Hydrogen 
and air flow rate were set at 50 mL/min and 450 mL/min respectively to burn off the 
injected sample, and helium was the makeup gas set at 50mL/min. A split mode with a 
split ratio of 1:1 was used. The oven temperature to separate styrene hydroformylation 
products as follows: 70°C for 3 min then increased to 140°C at a rate of 30°C/min and 
staying at 140°C for 0.5 min.  
 
3.3.6   XPS Analysis  
To investigate the change of oxidation state of rhodium(I) in fresh and used 
catalysts study, surface analysis by XPS was accomplished by irradiating a sample 
with monoenergetic soft X-rays and analyzing the electrons emitted. The XPS analysis 
was performed on KRATOS AXIS Hsi 165 equipped with an Mg Kα source (1253.6 
eV). Anode HT of 15 kV (current 10 mA) and pass energy of 40 eV were used. The 
photoelectron takeoff angle was 90o. XPS spectra were obtained on samples with 
different treatment conditions. The powder sample was spread on a Scotch brand 
double-stick tape mounted on the stainless-steel manipulator. The sample was 
evacuated for 2 h prior to data collection; with the pressure in the spectrometer 
chamber approximately 10-8 Torr during the data acquisitions. The C 1s line (binding 
energy 284.6 eV) was used as an internal standard for spectra calibration. The Rh 3d5/2 
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FWHMs (peak width at half maxima) for all samples were less than 1.8 eV. The 
resulting peaks were then fitted by the XPS software. 
 
3.3.7   Thermal Analysis  
In this study, thermogravimetric analysis experiments were carried out on a 
combined DTG-TGA (DTG-60) from SHIMADZU. Simultaneous DTG-TGA 
measurements were obtained under constant air flow (50mL/min) at a uniform heating 
rate of 10°C per minute from 25 to 800°C. Approximately 10 to 15 mg of sample was 
used for each experiment. Before analysis, the samples were desiccated under vacuum 
at 100°C for removing solvent. The thermal analysis results can provide quantitative 
information on the growth of PAMAM dendrimers and the temperatures of 
decomposition of different organic groups.   
 
3.3.8    C, H, N Element Analysis  
In this study, quantitative elemental analysis of C, H, and N was carried out on 
a Perkin Elmer Series II CHNS/O Analyser 2400. SBA and MCM-41 supported 
PAMAM dendrimers from zero to third generation, passivated and non passivated, 
were dried under vacuum at 120°C for 12 hours for removing solvent and water before 
doing the C, H, N element analysis. Combing with the thermal analysis the C, H, N 
element analysis gives quantitative evidence of the growth of PAMAM dendrimers.  
 
3.3.9    FE-SEM Analysis  
FE-SEM (Field Emission-Scanning Electron Microscope) was used to 
characterize the synthesized nano-alumina and it based dendritic supports. The sample 
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powders were coated with a layer of platinum before they were being analysed by FE-
SEM. The size and morphology of the synthesized support could be determined using 
this method. In this study, the FE-SEM images were taken from JSM-6700F (JEOL) 
Field Emission Scanning Electron Microscope. 
 
3.3.10    TEM Analysis  
TEM (Transmission Electron Microscope) was used to take pictures of the 
SBA-15, MCM-41 and their supported PAMAM dendrimers or dendritic catalysts. 
Whether the highly ordered structure is still maintained after functionalization or 
hydroformylation reaction can be determined from whether the hexagonally packed 
uniform channels can be seen from the TEM images. In this study, A high-resolution 
transmission electron microscopy (TEM) of Philips FEG CM300 (Philips, Holland) 
with an electron kinetic energy of 300 kV was employed for scanning samples. The 
samples were prepared by suspending the powders in acetone in a sample vial dipping 
in ultrasonic bath. A drop of this well-dispersed suspension was placed on a carbon 
coated 300-mesh copper grid, followed by drying aliquot under ambient conditions 
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Chapter 4.  Dendritic SBA-15 Supported Wilkinsons Catalysts 
for Hydroformylation of Styrene 
 
4.1 Preface 
As the largest industrial catalytic process, hydroformylation reaction has been 
the subject of intensive studies. The linear aliphatic aldehydes derived from this 
reaction are important industrial chemical intermediates which can be further oxidized 
to acids or reduced to alcohols. The branched aromatic aldehydes products from this 
reaction are crucial to the pharmaceutical industry as they have been used as 
intermediates in the synthesis of pharmaceutical compounds. For example, in the 
synthesis of anti-inflammatory agents, such as ibuprofen and naproxen, the branched 
aldehydes of 4-isobutylstyrene and 6-methoxy-2-vinylnaphthalene have been mildly 
oxidized respectively to produce the products [180]. Therefore styrene has often been 
chosen as a model substrate for hydroformylation reaction [181,182]. However, such a 
versatile reaction faces with serious problems of separating the reaction products from 
the liquid phase for decades. Tremendous efforts have been directed to synthesize an 
ideal catalytic system, which combines the advantages from both homogeneous and 
heterogeneous catalysis [183,184].  Although solid supports such as [5,158,185-187] 
zeolite, silica, alumina and polymers etc. have been tested as support for producing the 
heterogeneous catalysts, however these catalyst supports are usually accompanied with 
a significant loss in activity and selectivity. 
 
In recent years, dendrimer [188-190], a novel material, has been synthesized 
and applied to catalysis since its highly branched structures can provide multiple sites 
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for coordination with transition metal complexes. Although dendrimer is soluble in 
organic solvent, it can be separated from liquid phase through nano-filtration. 
Moreover, the coordination of dendrimer with transition metal complexes may bring 
forth enhanced catalytic performance due to positive dendritic effect [143,156]. 
Bourque et al. reported the immobilization of rhodium on PAMAM dendrimer 
supported on silica gel, producing a highly active and regio-selective catalyst for 
hydroformylation of aryl olefins and vinyl esters [149]. Recently, MCM-41 has been 
employed as a highly order mesoporous catalyst support to grow dendrimer [152]. The 
combination of the mesoporous material with the nanosized highly branched 
dendrimer creates a distinct architecture which is helpful for the dispersion of rhodium 
species due to the high surface area of support and the multiple binding sites of 
dendrimer for the enhancement of regio-selectivity perhaps due to the dendrimer effect 
and the pore effect [144]. However, the first generation G(1) and second generation 
G(2) catalysts did not have high loading of rhodium species although higher generation 
dendrimers are supposed to have more loading due to more binding dendritic sites. The 
result suggests that during the growth of dendrimers in mesoporous material, the 
shrinking pore volume and surface area impaired the binding sites. The result also 
suggests that some portion of dendrimer have been grown outside the external surfaces 
of the MCM-41 pores due to the greater accessibility of external surfaces to grow 
dendrimers [120]. To prevent the leaching of transition metal complexes, Thomas et al. 
[119] and Mukhopadhyay et al. [121,176] functionalised the internal pores of MCM-
41 by passivating the silanols outside the MCM-41 channels so that the surface ligands 
could be functionalised only within the pores and the transition metal complexes could 
be tightly bound inside the pores. A comparison between the catalysts with and 
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without external passivation shows that the latter has high leaching of transition metal 
complexes while the former is quite stable as it has no leaching [121].  
 In this chapter, SBA-15 [126] has been employed as mesoporous support for 
growing PAMAM dendrimers in order to immobilize the Wilkinsons catalyst for the 
hydroformylation of styrene. The dendritic catalysts based on functionalized SBA-15 
with passivation of silanols outside the SBA-15 mesopore channels exhibit superior 
catalytic performance than the non-passivated SBA-15 supported catalysts. 
 
4.2 Characterizations 
4.2.1  FTIR analysis 
             Infrared spectroscopy proved to be a very useful technique for functional 
groups identification [152,158]. Figure 4.1 shows the FTIR spectra characterizing the 
growth of PAMAM dendrimers from zeroth to 3rd generation inside the passivated 
SBA-15 support, with each spectrum showing the growth of half generation of 
dendrimer. The peak around 1640 cm-1 of G0 is attributed to the amino groups, 
indicating that after functionalization the surface amine ligands -NH2 were 
successfully grown on the mesoporous siliceous SBA-15. After Michael addition 
reaction, the amino group peak disappears while another peak around 1715 cm-1 
appears.  The peak around 1715 cm-1, which is clearly visible in all half-generations, is 
attributed to the ester bond of the half generation of dendrimer (designated as Gn.5, 
where n=0,1,2). After the amidation reaction, which immediately follows the Michael 
addition reaction, the ester bond peak disappears whereas the peak around 1655 cm-1, 
which is assigned to amide band I and the peak around 1550 cm-1, which is assigned to 
amide band II, appear. Since these two peaks are clearly visible in all integer-
generations from 1st to 3rd, the appearance of these two peaks shows that the first 
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generation of dendrimer has been successfully grown on the SBA-15 mesoporous 
support. Through the iteration of the Michael addition followed by amidation reaction 
steps, the dendrimer grows to higher generations, where the arms of the dendrimer are 
amplified and the terminal functional groups are increased exponentially. The peaks in 
the FTIR spectra not only show the appearance and disappearance of the functional 
groups but also demonstrate the increase of the intensity of the peaks from 1st to 3rd 
generation, showing the amplification of the generation of dendrimers. Although these 
FTIR results are similar to literature report [152], it is difficult to use the FTIR 
spectroscopy to carry out the quantitative analysis of how much dendrimer in mass has 
grown from one generation to the next. TGA results will be discussed in the next 




Fig. 4.1. FTIR spectra of the passivated SBA-15 supported dendrimers from 1st to 
3rd generation. 
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4.2.2 TGA analysis 
Figures 4.2a-d show the TGA and DTA analysis curves for the passivated 
SBA-15 supported PSn (n=0, 1, 2, 3) dendrimers. It is clear that for all the samples the 
weight loss accompanied with absorption of heat below around 100°C is associated 
with water desorption. The weight loss line between 100°C and 800°C was used as a 
baseline amount for the passivated SBA-15 based dendritic samples to correct for the 
weight loss in these samples. The large DTA peak between 250 and 390°C is assigned 
to the pyrolysis of the carbon-silica bond. The second large shoulder peak at around 
550°C is assigned to the deep combustion of carbonaceous species (coke) which was 
formed during the pyrolysis of the aminopropyl groups at around 300°C [152]. This 
shoulder peak at around 550°C is consistently observed in all the PSn samples, 
indicating that the functional groups are similar in architecture for different generations 
of dendrimer. Since no endothermic peak can be attributed to component other than 
water, this result also shows that the synthesis reaction for growing dendrimer on 
SBA-15 mesoporous support is perfect from the half-generation to integer-generation; 
otherwise, the endothermic peak for the decomposition of ester species would appear 







                             Chapter 4. Dendritic SBA-15 Supported RhCl(PPh3)3 for Hydroformylation of Styrene 
 
    71
 
 




Fig. 4.2b. TGA and DTA analysis of PS1 
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4.2.3 XRD Analysis 
Figure 4.3 shows the small angle XRD patterns of synthesized SBA-15, PS3 
and used WPS3 catalyst (which is designated as UWPS3). SBA-15 and PS3 display 
three resolved peaks corresponding to diffraction planes of (100), (110) and (200), 
indicating that these synthesized materials possess the highly ordered hexagonal 
structures [126]. Although used WPS3 catalyst (UWPS3) shows a strong peak at a 
theta angle of around 0.8~1.0° which is dwarfed by the other two peaks, the 
characteristic XRD pattern of the used catalyst still remains similar to that of SBA-15 
as reported in literature. The diffraction peaks of PS3 become only slightly lower and 
broader than that of the pure SBA-15, showing that the synthesis steps used in 
passivating silanols, in growing generations of dendrimers even up to third generation 
as well as in tethering the rhodium precursor to the dendritic support have very little 
damaging effects to the mesoporous structure of SBA-15. Although the diffraction 
peaks of used WPS3 are much lower and broader than that of the pure SBA-15, the 
diffraction patterns of used WPS3 catalyst maintain the SBA-15 characteristic 
structures, demonstrating the robust stability of the dendritic SBA-15 supported 
Wilkinsons catalyst during the high-pressure liquid phase hydroformylation process. 
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Fig. 4.3. XRD patterns of pure SBA-15, PS3 and used WPS3 catalsyt (UWPS3) 
 
 
4.2.4 TEM analysis 
 Figures 4.4a and 4.4b show the TEM images of used WPS3 catalyst, with the 
former taken perpendicularly to the SBA-15 channels and the latter taken parallel to 
the SBA-15 channels. The results show that, after hydroformylation of styrene, the 
catalyst structure still maintains the hexagonal array of 1D mesopore channels and 2D 
p6mm hexagonal of SBA-15 as reported by Zhao et al. [126]. The TEM results also 
corroborate the XRD results that the catalyst is stable during the hydroformylation 
process. No metallic rhodium particles are observed on the surface, indicating that the 
rhodium species were dispersed very well inside the pore channels of SBA-15. The 
TEM results suggest that the passivation of external silanol groups helps the rhodium 
species to be tethered and dispersed inside the SBA-15 mesopores. 
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Fig. 4.4b. Vertical section TEM image of used WPS3 catalyst 
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4.2.5     ICP Analysis  
 Table 4.1 shows the ICP analysis of the rhodium content in the fresh and used 
WSn as well as WPSn catalysts. From WS0 to WS3 the weight percentage loss of 
rhodium after hydroformylation reaction is 0.63, 0.37, 0.24 and 0.19 wt.%, 
respectively. For WPS0 to WPS3 catalysts, the percentage loss of rhodium is 0.15, 
0.12, 0.11 and 0.13 wt.% respectively. It is obvious that the non-passivated SBA-15 
supported catalysts (WSn catalysts) exhibit much higher leaching problem than the 
passivated SBA-15 supported catalysts (WPSn catalysts). This result shows that the 
tethering of Wilkinsons catalyst could be either outside or inside the SBA-15 pore 
channels. In the non-passivated SBA-15 supported catalysts, a substantial amount of 
homogeneous rhodium precursor is anchored outside the SBA-15 pore channels where 
a substantial amount of external surface ligands are readily available and more easily 
accessible to rhodium precursor than the ones inside the pore channels. The rhodium 
species that is tethered outside the SBA-15 pore channels tends to leach more than the 
one inside the pore channels. Therefore the non-passivated SBA-15 supported catalyst 
has a serious leaching of rhodium species from the support to the liquid phase medium 
during hydroformylation reaction. This is in agreement with the literature result [176].  
 
It should also be noted that for the WSn catalysts, the rhodium loading 
decreases as the PAMAM generation increases, whereas for the WPSn catalysts, 
WPS1 and WPS2 are the two passivated catalysts that contain the highest rhodium 
loading. This may be explained by the fact that, although the S0 has a lot of amine 
groups outside the SBA-15 channels, but as the PAMAM generation is grown from 
these amine groups, the growth of dendrimer is not perfect and a lot of defects occur in 
the dendrimer branches [149]. However, for the WPS0, as most external silanols have 
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been passivated before functionalization, only the internal amine groups participate in 
the tethering of rhodium precursors, resulting in less rhodium loading. However, the 
growth of PAMAM dendrimer from PS0 to PS1 is more perfect than that from S0 to 
S1 due to the larger surface areas inside the SBA-15 channels which lead to less 
crowdedness. Therefore WPS1 and WPS2 possess more rhodium loading than WPS0.  
However, for WPS3, the space inside the SBA-15 pore channels is so congested that it 
fails to bind more rhodium precursors than those containing lower generation of 
dendrimer.  Nevertheless, the ICP analysis indicates that the higher generation of 
PAMAM dendrimer is helpful in minimizing the leaching of rhodium species during 
the hydroformylation reaction due to the longer dendrimer arms binding the rhodium 
species more efficiently. 
 
Table 4.1. ICP Analysis Results 
 
 
Catalyst Rh% (before reaction) Rh% (after reaction) 
WS0 1.87 1.24 
WS1 1.64 1.27 
WS2 1.52 1.28 
WS3 1.01 0.82 
WPS0 1.24 1.09 
WPS1 1.55 1.43 
WPS2 1.51 1.40 
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4.3        Catalysis run 
 
4.3.1 Activity  
In Figure 4.5, the non-passivated SBA-15 based dendritic catalysts WS0, WS1, 
WS2 and WS3 demonstrate a descending order of activity from zeroth generation to 
third generation of dendrimer. Although this order is in good agreement with Alpers 
results on MCM-41-based dendritic catalysts [152], the difference between these two 
mesoporous supports is that the dendrimer generation for SBA-15 has been increased 
to the third generation, whereas MCM-41, which has smaller pores than SBA-15, 
could only accommodate second generation of dendrimers in the pores [191-193]. The 
decrease of catalytic activity from one generation to the next can be explained by the 
shrinking of pore size as higher generation of dendrimers grown inside the pores could 
increase the diffusion resistance to the reactants, which is a characteristic problem of 
heterogeneous catalysis [194].  
 
The activity results associated with the passivated SBA-15 based catalysts shed 
light on some other delicate underlying factors influencing the activity of the catalysts. 
Figure 4.6 shows the order of catalytic activity of the passivated WPSn catalysts as 
follows: WPS0 > WPS2 > WPS3 > WPS1; this catalytic activity order of passivated 
catalysts is different from that of the non-passivated SBA-15 based WSn catalysts, 
with the exception that both catalysts have the highest activity for the zeroth generation 
of dendrimer. This is because either WS0 or WPS0 catalyst has the largest pore size 
among the non-passivated and passivated catalysts respectively. Therefore, the catalyst 
containing the zeroth generation of dendrimer has the least diffusion resistance to the 
reactants.  
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The ICP results indicate that the highest catalytic activity shown by WS0 is 
also likely attributed to the highest percentage amount of rhodium leaching into the 
liquid phase. From WPS0 to WPS1, the catalytic activity drops due to the increase of 
diffusion resistance. The drop in activity for the passivated catalyst from WPS0 to 
WPS1 is more appreciable than the difference of activity between WS0 and WS1, 
possibly because WS0 and WS1 have so high amount of leaching of rhodium species 
into the liquid phase, making the catalysis on WS0 and WS1 similar to a mixed 
homogeneous and heterogeneous catalysis.  
 
Furthermore, from WS0 to WS1, the partial ramification of dendrimer growing 
outside the pores and the congestion of the inner pore of SBA-15 are not as palpable as 
that of the passivated SBA-15 where the dendrimer grows utterly inside the pores. On 
the other hand, the leached rhodium species can blur the difference of activity due to 
the supports.  
 
The increase of activity from WPS1 to WPS2 is in contrast to the decrease of 
activity from WS1 to WS2. Although the pore size keeps on shrinking from WPS1 to 
WPS2, and hence there is an increasing diffusion resistance from WPS1 to WPS2, 
however there is a promotional dendrimer effect [144, 156] due to the increasing 
amount of binding sites attributed to the dendrimer growth.  
 
Since the synergistic cooperation of the catalytic centers inside the pores 
counterbalances the negative effect attributed to the decrease of pore size, the 
promotional dendrimer effect makes WPS2 the more active catalyst than WPS1. It 
should be noted that WPS2 has a similar loading amount of rhodium but less leaching 
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as compared to WPS1. Meanwhile, from WS1 to WS2, as the dendrimers grow both 
inside and outside the pores, the entanglement of dendrimer arms outside the pores 
begins to be a dominant hindrance for the catalytic activity.  Similarly, this holds true 
for WS2 and WS3. From WPS2 to WPS3, the diffusion resistance becomes so severe 
that even the positive dendritic effect can not compensate its retarding effect to the 






Fig. 4.5. Catalytic activity of WSn catalysts (n=0,1,2,3) 
 
*Reaction conditions: 150 mg of heterogenized catalysts, 3 ml of styrene, 50 ml of 
THF solvent, syn-gas H2/CO = 1:1, pressure at 20 bar, reaction temperature at 80oC. 
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Fig. 4.6. Catalytic activity of WPSn catalysts (n=0,1,2,3) 
 
4.3.2 Regio-selectivity 
Figure 4.7 shows the regio-selectivity of WS0, WS1, WS2 and WS3 catalysts 
along with time. Among these catalysts, WS0 exhibits the highest regio-selectivity, 
with the order of regio-selectivity as follows:  WS0 > WS1  WS2 > WS3. The regio-
selectivity order of WS0, WS1, WS2 and WS3 catalysts is similar to their activity 
order. The highest regio-selectivity shown by WS0 is mainly due to leaching of 
rhodium. Based on the mechanism of homogeneous hydroformylation, both the 
electronic and steric effects of the catalytic center are the governing factors controlling 
the final regio-selectivity of the reaction as well as branch to linear aldehyde ratio [23]. 
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By nature, styrene favors initial Markownikov addition to Rh-H, with 
subsequent steps leading to more branch aldehyde product due to the electronic factors 
within styrene. This is because the phenyl in styrene is a strong electron-withdrawing 
group which induces the C=C to be slightly polarized, resulting in the terminal carbon 
to possess slightly positive charge and the internal carbon slightly negative charge (Cσ-
=Cσ+).  Accordingly, the polarity of Rh-H influences the distribution of the final 
products as it directs the initial addition of the double bond of the alkene. A stronger π 
acid in the coordination sphere of the Rh makes H less hydridic and less Markownikov 
addition for styrene [22]. Therefore, when PPh3 is replaced by -NH2, the catalyst favors 
more branch aldehyde products due to the electronic effect, whereas PPh3 promotes 
more branch aldehyde products due to the steric effect because the branch 
intermediates have less steric hindrance than the linear counterpart in the presence of 
the phenyl group.  
 
From WS0 to WS3, WSn (n=1, 2, 3) does not gain much advantage from the 
electronic effect to produce more branch aldehyde product since all the surface amine 
ligands are similar regardless of the generation of dendrimer. Nevertheless, the 
crowdedness of the entanglement of dendrimer arms which rampantly grow outside the 
SBA-15 channels simply makes the catalytic center lose specificity, suggesting that the 
higher the generation of dendrimer is, the less the regio-selectivity [195].  
 
Since one of the main objectives of this study is to explore and take advantage 
of the mesoporous structures of SBA-15, such growth of the PAMAM dendrimers 
outside the pores obscures the pore effect and proves to be hindering both the catalytic 
activity and regio-selectivity. However, with the passivation of silanols outside the 
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SBA-15 pores, the regio-selectivity results of WPSn catalysts (Figure 4.8) complement 
and shed light on how the combination of dendrimer and the uniform mesoporous pore 
influences the regio-selectivity of the hydroformylation of styrene. In contrast with the 
regio-selectivity observed for WSn catalysts, the regio-selectivity of WPSn catalysts 
shows a different order from zeroth to third generation of dendrimer: WPS1 < WPS0 < 
WPS3 < WPS2. Along with the growth of dendrimer from zeroth to third generation, 
the regio-selectivity reaches a climax at the second generation of dendrimer, WPS2 
and then decreases at higher generation. This is because from WPS0 to WPS1, the 
surface area of catalysts decreases, hence the heterogeneity of the catalyst accordingly 
increases and brings a reduced regio-selectivity. However, from WPS1 to WPS2, the 
growth of dendrimer from the first to second generation inside the SBA-15 mesopores 
produces an ideal environment for the regio-selectivity of styrene hydroformylation 
due to the combination of positive dendrimer effect and the pore size of SBA-15 at the 
second generation of dendrimer. This synergistic effect from the combination of 
positive dendrimer effect and pore size of SBA-15 balances the negative effect from 
the decrease of surface area, making WPS2 to be the most selective catalyst among 
WPSn catalysts.  
 
The reaction result also confirms that both the pore size of mesoporous material 
and the generation of dendrimer affect the regio-selectivity of the hydroformylation 
catalyst, and in certain case the combination of the two makes an optimal circumstance 
for regio-selectivity. This promotion of regio-selectivity is mainly from the steric 
advantage inherent in WPS2. Although WPSn and WSn are similar in electronic 
structure as both use surface amine ligands to anchor Rh species, the actual 
conformation of each surface ligand is not identical in these two types of catalysts as 
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the crowdedness of each surface ligand is different and the space effect influences the 
conformation. However, in the non-passivated SBA-15 supports where dendrimers 
grow outside the pores, such synergistic effect from the pore and the generation of 
dendrimer is severely eclipsed and cannot be observed. Therefore, as dendrimer grows 
from WS0 to WS3, no promotional effect from dendrimer occurs to balance the 
negative effect from the shrinkage of surface areas. Although WPSn catalysts seem to 
be slightly less selective than WSn catalysts, WPSn catalysts leach much less 
percentage of rhodium species during the hydroformylation reaction than WPSn 
catalysts, making WPSn catalyst to be a stable supported rhodium catalyst for 
hydroformylation of styrene. 
    
 
 
Fig. 4.7. Catalytic regio-selectivity of WSn catalysts (n=0,1,2,3) 
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Fig. 4.8. Catalytic regio-selectivity of WPSn catalysts (n=0,1,2,3) 
 
4.4       Conclusions 
A novel technique for passivating the silanol groups outside the SBA-15 pore 
channels has been successfully employed to grow dendrimers inside the pore channels 
and to tether rhodium species specifically inside the dendritic SBA-15 channels. FTIR 
and TGA results confirm the growth of dendrimers. XRD and TEM results show the 
stability of the mesoporous structure of the dendritic SBA-15 based catalysts. TEM 
results also confirm that the rhodium species anchored inside the channels of the 
passivated SBA-15-based WPSn catalysts are highly dispersed. The catalytic results 
demonstrate the differences of catalytic behavior between WPSn and WSn catalysts in 
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terms of activity and regio-selectivity. The ICP results show that the passivation of 
silanols outside the SBA-15 pore channels leads to catalysts which have much less 
leaching of rhodium species than the non-passivated counterparts. 
In WPSn catalysts, a combination of the pore size and dendrimer generation shows a 
synergistic effect by influencing both the activity and selectivity of the catalysts for 
styrene hydroformylation. Therefore among the WPSn catalysts, there is a certain 
generation which is optimal for activity or regio-selectivity. WPS2 shows the best 
catalytic performance for regio-selectivity, which is the outcome of the interplay 
between pore size distribution and generation of dendrimer.                        





Chapter 5.  Dendritic SBA-15 Supported HRh(CO)(PPh3)3 
for Hydroformylation of Styrene 
5.1 Preface 
Ever since Roelens serendipitous discovery of hydroformylation in a Fisher-
Tropsch catalytic reaction in 1938, hydroformylation has developed into the largest 
homogeneously catalyzed industrial process over the years [1]. The products from this 
reaction are important intermediates for petrochemical, agrochemical, fine chemical 
and pharmaceutical industries [77,196].  
 
A great deal of effort has been directed to pursuing a highly active and 
selective catalyst for this reaction in the past several decades. So far, rhodium 
complexes are the most widely applied and studied catalysts [5,197] as rhodium-based 
hydroformylation catalysts can be applied in relatively milder reaction conditions and 
they are more efficient than cobalt based ones [198]. Wilkinson and coworkers have 
conducted detailed studies on homogeneous HRh(CO)(PPh3)3 complex for 
hydroformylation reactions [22-25,50]. However, the separation of the expensive metal 
from liquid phase is a very costly and time consuming process [199]. Recently, a lot of 
research has been aimed to synthesize a heterogenized hydroformylation catalyst 
combining both advantages from the heterogeneous and homogeneous catalytic 
systems [149,184,200,201].     
 
Many solid supports have been employed for anchoring rhodium complexes, 
such as silica gel, zeolite, alumina and resin etc. [96,149,153,187]. Among the solid 




supports, the family of mesoporous materials, such as MCM-41, is particularly 
promising due to their highly-ordered mesoporous structures and high surface areas 
[117,176,191,202]. Another attractive family of supports is dendrimer, which is an 
ideal support for transition metal complexes, especially when it is terminated with 
ligands possessing lone pair electrons such as amine and phosphine [154,189,203,189].  
 
Alper and coworkers reported the combination of PAMAM dendrimer with 
MCM-41 for the synthesis of heterogeneous hydroformylation catalysts [152,191]; 
their MCM-41-based 1st generation dendritic catalyst was both active and selective; 
however, the pore size distribution of MCM-41 - which has a pore diameter of around 
6 nm - was not large enough for hosting higher generation dendrimer to provide more 
sites for anchoring rhodium complex species Thus, the MCM-41-based dendritic 
catalyst did not show good catalytic performance in its 2nd-generation PAMAM-based 
MCM-41 catalyst [152].  
 
In order to enhance the catalytic performance of higher-generation dendrimer 
grown on mesoporous support, SBA-15, which has uniform mesopores of diameter 
around 8 nm, has been used to grow higher-generation of PAMAM dendrimers [126]; 
hydrido rhodium triphenylphospine complex (HRh(CO)(PPh3)3)  was then anchored on 
the dendrimer supported on SBA-15 in this chapter.  Furthermore, in order to study the 
pore effect on the catalytic performance of SBA-15 based PAMAM dendrimer 
supported rhodium catalyst, a technique of passivation of silanols outside the SBA-15 
mesopore channels has been applied in this study to make sure that the dendrimers are 
anchored mainly inside the mesopores of SBA-15 [119-121,176].   





5.2.1    BET Analysis 
Figure 5.1 shows the nitrogen-adsorption isotherms of pure SBA-15, S0, S1 
and S2. The relative pressure at which capillary condensation starts to occur shifted to 
a lower value from pure-SBA-15 to S0. But as the dendrimer generation increased 














This finding is consistent with the pore size distribution results for S0, S1 and 
S2 shown in Figure 5.2. The pore size distribution of these nonpassivated SBA-15 
based dendritic supports did not decrease much from S0 to S2. Because the hysteresis 
loops did not shift systematically from S0 to S2 and the pore size distribution scarcely 
decreased from S0 to S2, these results suggest that a considerable proportion of 
dendrimer was not grown inside the mesopores [125,126], but instead, as the 
dendrimer generation increased, most of the dendrimers were grown on the external 















Figure 5.3 depicts the nitrogen-adsorption isotherms of pure SBA-15, PS0, PS1 
and PS2 catalyst supports.  Obviously, as the dendrimer generation increased from PS0 
to PS2, the hysteresis loops of PS0, PS1 and PS2 systematically shifted to lower 
relative pressures, indicating a lower relative pressure at which the capillary 

















This is consistent with the pore size distributions of PS0, PS1 and PS2, as 
shown in Figure 5.4. From PS0 to PS2, the pore size distribution decreased from 69 Å 
to 59 Å. In contrast, from S0 to S2, the pore size distribution decreases only by 2 Å. 
These results indicate that, for the passivated dendritic SBA-15 supports, the 
dendrimers were grown inside the mesopores, and as the dendrimer volume increased, 
















All of the isotherms of the SBA-15 based dendritic supports show a clear H1 
hysteresis loop [205]. These results are consistent with our previously reported results, 
indicating that the anchoring of dendrimer on SBA-15 up to the second generation did 
not destroy its mesoporous structures [206]. As shown in Table 5.1, all passivated 
dendritic SBA-15 catalysts supports had greater surface areas than their nonpassivated 
SBA-15-based analogues. This may be due to the wide dispersion of PAMAM 
dendrimers inside the SBA-15 channels of the former, because the inner surface area 
of SBA-15 channels has much greater areas and space than the outer surface. The 
decreases of BET surface area and pore size distribution are consistent with those 
reported previously [207]. 
 




Sample Pore Sizea (Ǻ) Surface area( m2/g) 
Pure SBA 75 692.5 
PS0 69 486.3 
PS1 64 459.8 
PS2 59 449.6 
S0 71 387.5 
S1 70 347.5 
S2 69 341.4 
 











5.2.2 XPS analysis 
 Figure 5.5 shows the XPS spectra of Rh 3d5/2 in HRh(CO)(PPh3)3 (designated 
Homo in the graph) and fresh HPS0, HPS1 and HPS2. The binding energy (BE) 
value of Rh 3d5/2 in the HRh(CO)(PPh3)3 precursor can be seen at 309.15 eV, in 
agreement with the literature [208]. The BE values of Rh 3d5/2 of all fresh HPSn 
catalysts slightly deviate less than 0.2 eV from that of their homogeneous precursor 
HRh(CO)(PPh3)3. This demonstrates that the rhodium species tethered on these as-
synthesized catalysts were present as Rh(I) species, indicating that the supported 
precursor retained the integrity of complex HRh(CO)(PPh3)3. The exact chemistry of 
the tethered moiety remains incompletely understood; a weak coordinate-covalent 
interaction between the terminal amine ends of PAMAM dendrimer and the Rh-center 
of the HRh(CO)(PPh3)3 complex has been proposed; this hypothesis is similar to that 
proposed by Burk et al. [209].  
 






Fig. 5.5. XPS spectra of fresh HPSn (n=0,1,2) catalysts 
 
 
No significant difference of the BE values of Rh 3d5/2 were found among the 
fresh HPS0, HPS1 and HPS2 catalysts. This finding indicates that the interaction 
between the guest HRh(CO)(PPh3)3 complex and the surface ligands was similar 
among these catalysts, and that the pore size decrease did not reach the point at which 
the conformation of the tethered moiety starts to deform. It is also suggests that the 
electronic properties of the 3 heterogenized rhodium catalysts are quite similar. 
Therefore, the differences in catalytic performance in terms of activity and selectivity 
can not be attributed to the electronic effects; rather they should be attributed to the 
different steric properties due to differences in dendrimer generation, pore size 
distribution, and surface areas of the SBA-15 dendritic-based supports.  




5.2.3    FTIR analysis 
Figure 5.6 shows the infrared spectra of HPS2 with HRh(CO)(PPh3)3 as the 
reference. In the FTIR spectrum of HPS2, the strong peak at 1975 cm-1 is attributed to 
the terminal CO stretching [22,176]. This υ(CO) of HPS2 ca. 1965 cm-1 is close to the 
υ(CO) of HRh(CO)(PPh3)3 supported inside the functionalized MCM-41 mesopores 
[176]. The υ(CO) of HPS2 exhibited a higher wavenumber than the υ(CO) of the 
unsupported HRh(CO)(PPh3)3 [210], indicating back-donation from the supported Rh 
center to CO, resulting in a strengthened the C-O bond [211]. The weaker π back-
donation from the Rh exhibited a decreased electron density around the Rh center in 
the HPS2, indicating that the surface amine ligands on SBA-15 might have slightly 
displaced the PPh3 ligand out of the coordination sphere around Rh center. The FTIR 
spectrum of HPS2 suggests that the supported HRh(CO)(PPh3)3 differed somewhat 
from the HRh(CO)(PPh3)3 precursor, indicating that this Rh precursor reacted with the 
surface functional group during tethering process. 
 
The wavenumbers of υ(CO) and υ(Rh-H) peaks of HRh(CO)(PPh3)3 reported in 
literatures [22,176,210-214], shows that the FTIR positions of υ(CO) and υ(Rh-H) are 
sensitive to the environment during FTIR measurement as υ(CO) ranges from 1920-
1982 cm-1 and υ(Rh-H) ranges from 1998-2042 cm-1. 
 
A broad shoulder peak at around 2005 cm-1 was seen in the FTIR spectrum 
of HPS2, attributed to the υ(Rh-H) of the dendritic SBA-15-supported 
HRh(CO)(PPh3)3. The υ(Rh-H) peak observed in HPS2 was not strong; υ(Rh-H) is 
typically very weak and easily obscured [215]. 
 






Fig. 5.6. FTIR spectra of HRh(CO)(PPh3)3 and fresh HPS2.   
 
5.2.4   TEM images 
TEM is widely used for structural elucidation of mesoporous materials and has 
proven to very useful in this application [215]. To study the mesoporous structures of 
the SBA-15, PS0, PS1 and PS2 were characterized by TEM and the TEM images are 
shown in Figures 5.7a-d. All TEM images were taken perpendicularly to the SBA-15 
channels. The TEM results are consistent with the BET results, demonstrating a 
uniform pore size distribution with a hexagonal array of 1D mesopore channels and 2D 
p6mm hexagonal of SBA-15, as reported by Zhao et al. [126]. The results 
demonstrated including dendrimer did not change the the SBA-15 mesoporous 
structure. 










Fig. 5.7b. TEM image of PS0 
 












Fig. 5.7d. TEM image of PS2  
 
 




  5.2.5    Elemental analysis 
Along with the FTIR and TGA measurements [206], elemental analysis also 
was used to quantify the amount of dendrimers grown on the surfaces of the catalyst 
supports [160]. Table 5.2 gives the weight contents of C, H and N on the passivated 
and non-passivated dendritic SBA-15 catalyst supports. The increased weight 
percentage of C, H and N on both passivated and non-passivated supports with 
increasing dendrimer generation confirms the successful grafting of dendrimer on the 
supports. Comparing the passivated and non-passivated dendritic supports at the same 
generation shows higher C, H and N content in PS0, PS1 and PS2 than in S0, S1 and 
S2, respectively. This finding indicates that dendrimers were grown more ideally and 
completely on the passivated SBA-15 catalyst supports. For the non-passivated SBA-
15 supports, the hindered growth of dendrimer is attributed to the crowding of 
dendrimers growing outside the SBA-15 channels, due to the limited surface areas and 
space outside SBA-15 mesopores [120]. 
  
Table 5.2. C, H, N elemental analysis results 
 
Sample Carbon (%) Hydrogen (%) Nitrogen (%) 
Pure SBA-15 0.25 1.55 0.22 
S-0 8.60 1.88 2.93 
S-1 13.12 2.33 3.24 
S-2 13.91 2.54 4.06 
PS-0 10.78 2.63 2.84 
PS-1 17.33 2.92 3.65 














5.3 Catalytic Run 
5.3.1  Activity 
HS0, HS1, HS2 and homogenous HRh(CO)(PPh3)3 catalysts were applied for 
hydroformylation of styrene at 60 °C under 20 bar of syn-gas (CO:H2 ratio of 1:1). 
Figure 5.8a shows the conversion of styrene as a function of reaction time for the four 
reactions. The HSn catalysts were run to study the difference of catalytic behavior 
between the passivated and non-passivated dendritic SBA-15 supported rhodium 
catalysts. An equivalent amount of homogeneous HRh(CO)(PPh3)3 catalyst was 
applied to compare the performance of the heterogeneous and homogeneous catalyst 
systems. 
 
Figure 5.8a shows that HS0 catalyst was much more active than HS1 and HS2 
catalysts. Although the activity of HS0 was already close to that of HRh(CO)(PPh3)3, 
the greatest catalytic activity demonstrated by HS0 also corresponded to its greates 
leaching of Rh species among the three heterogenized catalysts. According to the ICP 
results, 32.61% of rhodium was lost from the fresh HS0 during the reaction, indicating 
that HS0s quasi-homogeneous catalytic activity is due mainly to the leaching of 
rhodium species to the liquid phase. This high leaching can be attributed mainly to the 
nonpassivated SBA-15 support, which tethered most of HRh(CO)(PPh3)3 outside the 
SBA-15 pores. This result is similar to previously reported findings on the tethering of 
HRh(CO)(PPh3)3 onto the nonpassivated MCM-41 support functionalized with surface 
amine ligands [176].   





Fig. 5.8a. Catalytic activity of HSn catalysts (n=0,1,2) 
 
*Reaction conditions: 27 mg of HRh(CO)(PPh3)3, 150 mg of heterogenized catalysts, 3 
ml of styrene, 50 ml of 1-hexane solvent, syn-gas H2/CO = 1:1, pressure at 20 bar, 
reaction temperature at 60oC. 
 
 The catalytic activity of HSn catalysts decreased from HS0 to HS2 in a similar 
order as the leaching of rhodium species from the catalysts. The result indicate that the 
higher the generation of dendrimer grafted onto SBA-15 helped retain the graft 
rhodium complexes better than those grafted on the lower generation of dendrimer. 
This finding also demonstrates that the homogeneous phase reaction dominated its 
heterogeneous counterpart in the hydroformylation reactions of styrene catalyzed by 
HSn catalysts.  
 




Similarly, the HPSn catalysts were also applied for hydroformylation of styrene 
at the same conditions as used for the HSn catalysts. The HPSn catalysts were 
evaluated to study the influence of pore size distribution and PAMAM generation to 
the hydroformylation reaction of styrene. Figure 5.8b illustrates the conversion of 
styrene as a function of reaction time for the HPSn catalysts. In contrast to the order of 
the catalytic performance over HSn catalysts, which was the same as that of the 
amount of Rh of leaching (i.e. HPS2 < HPS1 < HPS0).  Although the HPS2 catalyst 
exhibited the least amount of leaching of the rhodium species from the catalyst during 
hydroformylation reaction, HPS2 has the highest activity among the three HPSn 
catalysts. This finding demonstrates that the HPSn catalysts catalyze the 
hydroformylation reaction heterogeneously [218].   
 
 
Fig. 5.8b. Catalytic activity of HPSn catalysts (n=0,1,2) 
 




Based on the XPS results shown in Figure 5.5, the BE values for the HPSn 
catalysts are very close, suggesting similar electronic properties of the catalytic species 
on the catalysts. The difference in the catalytic activity of these three HPSn catalysts, 
in which the catalytic activity increases with the increase of dendrimer generation, may 
be attributed to the steric factor, due to the increasing length of the arms of grafted 
dendrimers inside the SBA-15 mesopores.  
 
We also found that the heterogeneous HPSn catalysts exhibited lower activity 
than the homogeneous HRh(CO)(PPh3)3 catalyst. One possible reason for this is that 
the surface amine ligand NH2, which is more basic than PPh3, coordinated with Rh 
species; the more basic NH2 would then make the Rh-CO bond stronger and CO 
dissociation more difficult, leading to decreased catalytic activity of the grafted 
rhodium complex on the surface-aminated SBA-15 support [71,215]. The other reason 
is that although HPSn catalysts have large surface areas and multiple bind sites, which 
promote the dispersion of the rhodium complexes, the absolute amount of tethered 
rhodium species responsible for hydroformylation reaction was smaller in the HPSn 
catalysts than that in the homogeneous HRh(CO)(PPh3)3 catalytic system. 
 
Furthermore, in contrast to the behavior of HSn catalysts, the catalytic activity 
of HPSn catalysts increased with increasing generations of grafted PAMAM dendrimer. 
In contrast, the appreciable increase in catalytic activity observed from the HPS0 to 
HPS1 catalysts due to the positive dendrimer effect  differed from the decreased 
catalytic activity seen for the HS0 to HS1 catalysts due to the negative dendrimer 
effect. Although HPS1 catalyst has a smaller pore size, less surface areas and less 
contribution from homogeneous catalysis, the positive effect of internally grafted 




dendrimer helps accelerate the catalytic activity of HPS1 catalyst for styrene 
hydroformylation [131,147]. This is attributed to the perfect growth of PAMAM 
dendrimer inside the SBA-15 channels, which provides for better dispersion of 
rhodium complexes on the binding sites at the peripheries of the PAMAM dendrimers 
from the zeroth to the first generation. However, the slight increase in catalytic activity 
seen from HPS1 to HPS2 indicates that this positive promotional effect has reached the 
limit, likely due to the bulkiness of the second-generation dendrimer inside the 
microenvironment of the SBA-15 channels. 
 
5.3.2 Regio-selectivity 
Figure 5.9a shows that the following regioselectivity order of the HSn catalysts: 
HS0> HS1> HS2. This is the same as their order of catalytic activity. This order of 
regioselectivity is also reminiscent of the RhCl(PPh3)3 catalysts supported on dendritic 
SBA-15 supports [206]. Based on the ICP results (Table 5.3), the highest 
regioselectivity exhibited by HS0 catalyst can be attributed to the high amount of 
rhodium species that leached in to the liquid phase from the nonpassivated dendritic 
SBA-15 support. As the generation of grafted PAMAM dendrimer increased, the 
amount of rhodium species leaching to the solution decreased due to the increased 
retention power of longer dendrimer arms. Accordingly, the regioselectivity of HS1 
and HS2 catalysts decreased with increasing generations of grafted PAMAM 
dendrimer on nonpassivated SBA-15. All these results indicate that homogenous 
hydroformylation, which was dominant in the HSn catalyst system, was mainly 
responsible for the high regioselectivity of the HSn catalysts.   
 






Fig. 5.9a. Catalytic regio-selectivity of HSn catalysts (n=0,1,2) 
 
The support properties also were found to influence the regioselectivity. Our 
BET results revealed smaller surface areas for the HSn catalysts compared with the 
HPSn catalysts. The HSn catalysts exhibited severe cross-linking of dendrimers 
outside the pores, leading to a congested microenvironment that is sterically negative 
for regioselectivity. Therefore, an increase in local steric congestion occurred from 
HS0 to HS2, due to the shrinking surface areas and increasing dendrimer volume.  
 
Figure 5.9a also shows that within the first 3 h of reaction, all HSn catalysts 
exhibited an appreciable increase of regioselectivity, indicating intensified leaching of 
rhodium species to the liquid phase of the reaction under the reaction conditions. In 
contrast, Figure 5.9b shows that the regioselectivity of HPSn catalysts remained quite 
constant over time, suggesting that the HPSn catalyst was more stable and exhibited 




much less leaching of rhodium species into the liquid phase solution, as was confirmed 




Fig. 5.9b. Catalytic regio-selectivity of HPSn catalysts (n=0,1,2) 
 
 
It is noteworthy that, according to Figure 5.9b, the regioselectivity of the HPSn 
catalysts increased from a zeroth generation to a second-generation internally grafted 
dendrimer. This order was the same as their order of activity: HPS0 < HPS1 < HPS2. 
Although the three passivated HPSn catalysts were less selective than the 
homogeneous precursor HRh(CO)(PPh3)3, the HPS2 catalyst demonstrated very high 
regioselectivity, close to that of HRh(CO)(PPh3)3. Because the ICP results indicate 
much less of leaching of rhodium species from the HPS2 catalyst, the catalysts high 
regioselectivity can be attributed to the influence of the second-generation internally-
grafted dendrimer, which may provide better flexibility of dendrimer arm and better 
dispersion of tethered rhodium species. 




But the promotional effect due to the dendritic support cannot be increased by 
increasing dendrimer generation without limits, due to the limited pore size and 
volume of the SBA-15 mesopore [102,121].  Of the three passivated HPSn catalysts, 
the HPS2 proved to be the most selective, active and stable heterogenized rhodium 
catalyst. Because this catalyst has the smallest pore size distribution, future 
investigation in to the effect of the pore size on the catalytic performance would be 
worthwhile.  
 
5.4 Characterization of Used Catalysts 
Figure 5.10 shows that the Rh 3d5/2 BEs of all used catalysts applied to 
hydroformylation of styrene shifted to lower values centered at 307.55 eV (± 0.1eV). 
These values are very close to those for Rh+1 complexes. Knozinger proposed a 
LnRh+1(CO)2 general form for the silica-supported rhodium complexes with Rh 3d5/2 
binding energies ranging from 307.0 eV to 307.6 eV [216]. Therefore, the supported 
rhodium complexes observed in this study may be transformed into a similar 
LnRh+1(CO)x form during the hydroformylation reaction. Amine ligands can replace 
one or two phosphine ligands coordinated to the Rh during the transformation, because 
the surface amine ligand of dendrimer is a stronger σ-electron donor than the 
phosphine ligand. Because phosphine ligand is a stronger π acid than amine ligand, the 
d-π back donation is decreased with the replacement of PPh3 by NH2, and thus the 
BEs of Rh 3d5/2 shift to lower values [32,215]. 
 






Fig. 5.10. XPS spectra of used HPSn (n=0,1,2) catalysts 
 
Because the used HPSn catalysts exhibited characteristic rhodium spectra with 
appreciable intensity, the change in the BEs of Rh 3d5/2 indicates that a considerable 
amount of rhodium species was retained in the passivated dendritic SBA-15 supports. 
 
Figure 5.11 shows the FTIR spectra of used HPS2 with HRh(CO)(PPh3)3 as the 
reference. The used HPS2 catalyst exhibited a peak at 1960 cm-1 which is assigned to 
terminal υ(CO). This peak showed a decrease of 15 cm-1 from the υ(CO) of the fresh 
HPS2 (Fig. 5.6), indicating that the Rh center of the used catalyst was more electron-
rich.  This FTIR finding is consistent with the XPS results of the used HPSn catalysts. 
The used HPS2 catalyst also exhibited a shoulder peak at around 2005 cm-1, which 
may be assigned to the υ(Rh-H), given that it was of similar frequency to the Rh-H 
peak of the fresh HPS2. This finding indicates that the rhodium hydride species was 




the predominant intermediate species of the catalytic cycle. The broad peak at around 
1870 cm-1 is assigned to the unreacted styrene on the used catalyst.  
 
Fig. 5.11 FTIR spectra of HRh(CO)(PPh3)3 and used HPS2 (UHPS2). 
 
Table 5.3 shows the ICP analysis results of the percentage of Rh in the HSn 
and HPSn catalysts before and after the hydroformylation of styrene. The results show 
much less leaching of rhodium in the HPSn catalysts than in the HSn catalysts. The 
relatively high leaching of rhodium from the nonpassivated dendritic SBA-15 supports 
can be attributed to the tethering of HRh(CO)(PPh3)3 at the dendrimers peripheries 
outside the SBA-15 pore channels, because the externally tethered rhodium complex 
species could easily leach without pore confinement. But because the binding sites of 
HPS0, HPS1 and HPS2 catalysts are only available inside the SBA-15 channels, the 
rhodium complexes are tethered inside the pore channels, resulting in encapsulated 
rhodium complexes that are well protected from leaching into the liquid phase by the 
mesopore walls. These findings are in agreement with those for the SBA-15 supported 
RhCl(PPh3)3 catalysts [13].  




We chose the most active and selective HPS2 catalyst for the molecular 
stability test of the encapsulated rhodium complex catalyst after two recyclings of 
hydroformylation reaction. The ICP results of the used HPS2 catalyst show that the 
loss of Rh from HPS2 catalyst not only was minimal, but also decreased from slightly 
above 1 wt% loss (i.e., 1.52 wt.%) for the first cycle to almost negligible loss (i.e., 0.16 
wt.%) for the second cycle. This result demonstrates that the HRh(CO)(PPh3)3 catalyst 
tethered inside the mesopores of dendritic SBA-15 was robust during 
hydroformylation reaction, indicating that the second-generation dendrimer grown 
inside the mesopores of HPS2 was of optimal length and crowdedness to retain the 
rhodium complex inside the dendritic mesopores of SBA-15.  
 
Table 5.3  ICP Analysis Results 
 
 
Catalyst Rh% (before reaction) 
Rh% (after 
reaction) Percent loss 
HS0 1.726 1.163 32.61% 
HS1 1.429 1.124 21.34% 
HS2 1.388 1.129 18.66% 
HPS0 1.127 0.972 13.75% 
HPS1 1.367 1.234 9.73% 
HPS2 1.249 1.230 1.52% 
HPS2  (2nd cycle) 1.230 1.228 0.16% 




In Figure 5.12, the TEM image of the used HPS2 catalyst also confirms the 
stability of the mesoporous structure of SBA-15 support during hydroformylation 
reaction. The stability of the SBA-15 mesopores helps rotect the encapsulated rhodium 
complexes tethered on the internally grafted dendrimer from leaching into the liquid-

















5.5       Conclusion 
            The passivation of silanols outside the SBA-15 channels resulted in a dendritic 
support tethering most of the rhodium complex inside the mesopores, leading to the 
HPSn catalysts, which catalyze hydroformylation reaction only inside the SBA-15 
channels, with much less leaching of rhodium species. In contrast, the nonpassivated 
dendritic SBA-15 catalysts HSn, in which the silanols outside the pore channels have 
not been passivated, demonstrated significant drawback of leaching of rhodium species 
into the liquid phase. The higher activity and selectivity of the HSn catalysts compared 
with the HPSn catalysts can be attributed to the greater leaching of rhodium from the 
HSn catalysts. A positive dendrimer effect also was observed for the HPSn catalysts, 
with the following order of activity: HPS2 > HPS1 > HPS0.  All these results suggest 
that dendrimers grown inside the mesoporous channels help increase the catalytic 
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Chapter 6. Dendritic MCM-41 Supported RhCl(PPh3)3 for 
Hydroformylation of Styrene 
6.1 Preface  
Hydroformylation of aromatic alkenes is known to be of high value in 
pharmaceutical industries [219-221]. Styrene, which is one of the most typical models 
for aromatic alkenes, has been investigated extensively [222-225]. Styrene is different 
from the linear olefins because, when it is employed as a substrate, it yields a branched 
product 2-phenlypropionaldehyde which possesses a chiral center of carbon [171]. 
However, a homogeneous catalyst has the apparent drawbacks, such as difficulties in 
the separation of valuable metal complexes from the liquid phase and operation of 
catalysts. In recent years, considerable efforts have been directed to the 
heterogenization of homogeneous complexes onto solid supports [8,226]. Such 
supported catalyst systems can be easily separated from the reaction products, thus 
simplifying operation and lowering manufacture cost. However, immobilization of 
homogeneous precursor generally encounters the problem of lower activity and 
selectivity as compared with the homogeneous counterpart [227-229].  
 
Recently, MCM-41 has been employed as a support for heterogeneous catalysts 
[227-229] due to its unique features, such as highly-ordered mesoporous structure 
which consists of channels in a hexagonal arrangement, uniform pore size distribution 
and high surface areas  (>=750 m2/g) [101].  Moreover, the special topological 
properties of MCM-41 are likely to make this support highly active and selective for a 
heterogeneous catalytic system [120, 232].  
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It should be noted that both the internal and external surfaces of MCM-41 
channel contain a layer of hydroxyl groups (Si-OH) [120]. These silanols are the 
starting points during the functionalization of surface ligands onto the silica support. 
However, the prospect that MCM-41 can enhance selectivity is basically from its 
confinement of solvent and reactant inside the mesopores [213].  Therefore, the 
tethered catalytic species outside the MCM-41 channels cannot acquire promotional 
effect stemming from the confinement from the support. Recently a novel technique in 
killing the silanols outside the MCM-41 channels has been reported [120,215,233]. 
Mukhopadhyay et al reported the application of this method in encapsulating 
HRh(CO)(PPh3)3 inside the MCM-41 channels and concluded that the passivation of 
silanols outside the MCM-41 channels helped to produce a very stable catalyst for 
hydroformylation reaction [121].  
 
In this chapter, we passivated the silanols outside the mesopores of MCM-41 
and functionalized the passivated MCM-41 with a monolayer of amine surface ligands 
as the solid support for growing PAMAM dendrimer up to 2nd generation inside the 
MCM-41 channels. These passivated dendritic MCM-41 supports were used to 
encapsulate Wilkinsons catalyst RhCl(PPh3)3 to produce heterogenized rhodium 
complexes for catalyzing hydroformylation reaction of styrene. For comparison, non-
passivated dendritic MCM-41, which still possessed silanols outside the MCM-41 
mesopores, was also synthesized.  Hence, the promotional effects due to the mesopore 
confinement from MCM-41 based dendritic catalysts are investigated in this study.    
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6.2 Characterizations 
6.2.1    XRD Analysis 
            The passivation of MCM-41 involves the reaction between the surface silanols 
outside the pore channel and dichlorodimethylsilane, and the functionalization of 
MCM-41 is achieved by the reaction of the surface silanols inside the walls of the pore 
channel with APES.  Therefore, the structure of MCM-41 mesopores may change and 
the high ordering of the mesostructure of MCM-41 might not be retained after 
functionalization and incorporation of catalyst precursor [176].  
 
 
Fig. 6.1. XRD patterns of Pure Si-MCM-41; passivated MCM-41 based dendrimer of 
generation 1, PM1; fresh Wilkinson catalyst supported on PM1, WPM1; and used 
WPM1 
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Figure 6.1 comparatively shows the XRD patterns of Si-MCM-41, PM1, 
WPM1 and the used WPM1 catalyst after hydroformylation reaction. The XRD 
patterns of PM1, fresh and used WPM1 show sharp intense diffraction peaks at around 
2θ =2.18û (d100 reflection line), which was consistent with that of Si-MCM-41 [121]. 
This result suggests that the passivation of silanols outside the MCM-41 channels, 
followed by functionalization of internal surfaces with PAMAM dendrimer and the 
tethering of the rhodium complex on MCM-41 did not destroy the uniform 
mesoporous structure of MCM-41. Although the peaks are not as strong as those of Si-
MCM-41, the characteristic peaks shown in PM1 and WPM1 are strong enough to 
indicate the preservation of the mesoporous structures of MCM-41.  
 
In particular, the XRD pattern of used WPM1 catalyst still maintain the 
characteristic sharp peak at 2θ =2.18û, suggesting the good stability of the 
heterogenized catalyst WPM1. Although the intensity peaks at higher diffraction angle 
cannot be detected on the XRD patterns of fresh and used WPM1, the main 
mesoporous structure of MCM-41 has not been destroyed. This result is also similar to 
those of dendritic SBA-15 based Wilkinson catalysts for hydroformylation of styrene 
[206].  Furthermore, this result shows that MCM-41 is a stable catalyst support for 
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6.2.2    Thermal Analysis 
 TGA/DTA results can provide quantitative informantion on the growth of 
PAMAM dendrimers, the temperatures of decomposition of different organic groups 
and the thermal stability of pure and supported PAMAM dendrimers [118,154,235]. In 
this study, TGA/DTA was applied for the analysis of thermal stability of grafted 
PAMAM dendrimers from G0-G2 (G signifies dendrimer generation) inside the 



















Fig. 6.2c. TGA\DTA responses of PM2 
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For all samples, the weight loss accompanied with absorption of heat between 
30°C and 120°C is associated with water desorption because all the TGA curves at this 
range show a negative peak indicating endothermic process for water evaporation. All 
the TGA curves between 100°C and 800°C have been corrected through using the 
TGA curve of Si-MCM-41 as a baseline control. The sharp peak of the DTA curve 
shown in Figure 6.2a between 300°C and 350°C is assigned to the pyrolysis of the 
aminopropyl group [235]. The weight loss was accompanied by a discharge of heat 
due to the pyrolysis carbon silica bond.  This inference is deduced from the DTA curve 
(Figure 6.2a) that shows a large positive exothermic peak at this point. This lone sharp 
DTA peak (excluding the peak for water evaporation) also indicates that a uniform 
layer of surface amine ligands have been functionalised inside the MCM-41 pore 
channels. Figure 6.2b shows the thermal analysis results of sample PM1. The peak 
around 300°C in the DTA curve is assigned to the pyrolysis of amide groups of 
PAMAM dendrimer [152]. This temperature at which the PAMAM dendrimer starts to 
thermally degrade is higher than the thermal degradation of pure PAMAM dendrimer 
at 120°C [116]. This finding indicates that the thermal stability of PAMAM 
dendrimers can be improved if anchored on MCM-41 [116, 152]. A second minor peak 
observed at around 550°C is assigned to the deeper combustion of carbonaceous 
deposits that were formed during the decomposition of anchored amide groups [235].  
Figure 6.2c shows that the sample PM2 has very similar DTA responses to those of the 
sample PM1, indicating the similarity of the first and second generation of internally-
grafted dendrimer on MCM-41. Table 6.1 shows the weight loss corresponding to the 
combustion of the grafted dendrimers from PM0 to PM2. The weight loss was 
determined by TGA analysis between 200°C and 800°C for the purpose of excluding 
weight loss contributed by water evaporation. PM2 has stronger DTA peaks and higher 
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weight loss than PM1; this observation is consistent with the fact that the second 
generation of grafted dendrimer contains more organic content than the first generation 
counterpart.  
       
6.2.3    FTIR Analysis 
            Figure 6.3 shows the infrared spectra characterizing each half-generation of 
grafted dendrimer on the passivated MCM-41 up to generation 2.  In the infrared 
spectrum of PM0, the absorption band at 1643 cm-1 is assigned to the surface amino 
groups inside the MCM-41 pore channels. The disappearance of this band from PM0 
to PM0.5 confirms the successful Michael addition reaction during the first step of 
grafting of dendrimer on MCM-41. The absorption band at 1733 cm-1 is clearly 
detected at both 0.5 generation and 1.5 generation, and this peak is attributed to the 
carbonyl stretching of the ester groups which are incorporated to the PAMAM 
dendrimer after the Michael addition step [158]. The appearance of this band from 
PM0 to PM0.5 and from PM1 to PM1.5 also verifies that the Michael addition reaction 
has proceeded smoothly. The absorption bands at 1650 cm-1 and 1556 cm-1, which are 
clearly observed in both PM1 and PM2, are assigned to the amide band I and amide 
band II, respectively [158, 236]. The amide groups are incorporated into PAMAM 
dendrimer through the amidation reaction i.e. the second step of the 2-step sequence of 
growing PAMAM dendrimer. In short, the alternate appearance and disappearance of 
the ester groups shown in the FTIR spectra corresponds to the iterative 2-step sequence 
of Michael addition reaction followed by amidation reaction, verifying the successful 
grafting of 1st and 2nd generation of PAMAM dendrimer inside the mesopores of 
MCM-41.  
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            However, since FTIR analysis cannot quantitatively characterize the growth of 
the PAMAM dendrimers on the mesoporous silica support [152,237,238], elemental 
analysis of C, H, N and the TGA/DTA weight loss analysis are used to provide 
complementary evidence in understanding the growth of dendrimer inside the MCM-
41 pore channels.                
 
                
 
Fig. 6.3. FTIR analysis of the surface PAMAM dendrimers on 
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6.2.4    C,H,N Elemental Analysis 
Table 6.1 shows the C, H, N elemental analysis of the grafted PAMAM 
dendrimers from zeroth to second generation and the corresponding weight losses from 
TGA analysis. It is clear that the weight content of C, H, and N elements increases 
with the increase of the generation of grafted dendrimer. This is in agreement with the 
FTIR analysis showing that PAMAM dendrimers have been successfully grafted on 
MCM-41. However, the loading amount of grafted PAMAM dendrimers is half that 
reported by Reynhardt et al [152]. This is probably due to the passivation step which 
caused most of the silanols outside the MCM-41 pore channels unavailable for 
functionalization of amine groups, thus decreasing the amount of PAMAM dendrimer 
grafted on passivated MCM-41.  
 
Table 6.1. C, H, N Elemental Analysis Results 
Samples C% N% H% Weight loss% 
PM0 3.63 1.21 1.17 6.41 
PM1 7.26 2.79 1.86 13.26 
PM2 8.16 3.03 2.11 15.19 
 
Moreover, the difference of PAMAM loading from PM1 to PM2 is much 
smaller than that from PM0 to PM1. This may be because the grafting of PAMAM 
dendrimer at higher generation encounters steric resistance inside the MCM-41 pore 
channel. Our synthesized MCM-41 has a pore size distribution of only 40 Å, whereas 
the unsupported 2nd generation PAMAM dendrimer in full stretch is 50 Å [239]. 
Moreover, the grafted PAMAM dendrimer only develops the half nodular structure of 
a pure PAMAM counterpart; when the dendrimers grow inside the pore channels, the 
pairs that grow in opposite directions are expected to meet at the center inside the pore 
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space due to the length of the dendrimer [239,240] and the limitation of the pore size 
of MCM-41 [103]. Therefore, the maximal generation of grafted PAMAM dendrimer 
in our study is two, otherwise the dendrimer branches will not be regular.   
 
6.2.5 XPS Spectra of Rhodium Complexes on Functionalized MCM-41  
 
Figure 6.4 comparatively shows the XPS spectra characterizing Rh 3d5/2 of the 
fresh and used WPM0, WPM1 and WPM2. The Rh 3d5/2 binding energies of the fresh 
WPM0 (307.50 eV), WPM1 (307.40 eV) and WPM2 (307.40eV) are all higher than 
that of the unsupported RhCl(PPh3)3 (307.25 eV). Although these deviations of Rh 
3d5/2 binding energies between homogeneous precursor and supported analogs are 
slightly higher than those deviations between homogeneous HRh(CO)(PPh3)3 and the 
supported rhodium [156], the deviation seen in this study is still lower than 0.3 eV, 
indicating a good preservation of the RhCl(PPh3)3 structure after tethering of this 
rhodium complex on passivated dendritic MCM-41. However, RhCl(PPh3)3 is different 
from HRh(CO)(PPh3)3 as the chloride ligand is not such a good π acceptor as CO 
which can coordinate firmly with Rh due to p-π back donation. The chloride ligand has 
a tendency to interact with the surface amine ligand which is a strong base; this is why 
tertiary amine is usually added to a rhodium precursor containing halide [23,241]. 
Moreover, the big size of Cl enables itself to interact with the surface amine ligands 
easily. The highest deviation of Rh 3d5/2 binding energy (0.25 eV) observed with the 
fresh WPM2 may be attributed to the highest chance of interaction between the 
chloride of the rhodium complex and the surface amine ligands of the grafted second 
generation - dendrimer.  
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Fig. 6.4. XPS spectra (Rh 3d5/2) characterizing (a) RhCl(PPh3)3 (WLK), (b) freshly 
synthesized WPM2 (c) freshly synthesized WPM1, (d) freshly synthesized WPM0, (e) 
used WPM2 (f) used WPM1 and (g) used WPM0 
 
There is no significant difference of the binding energy values of Rh 3d5/2 
among the fresh WPM0, WPM1 and WPM2, indicating that the interaction between 
the guest RhCl(PPh3)3 complex and the surface amine ligands are similar among these 
catalysts. In the spectra e, f, g of Figure 6.4 characterizing the used catalysts of WPM0, 
WPM1 and WPM2, there is a further increase of the 3d5/2 binding energy by 
approximately 0.2 eV. This increase of Rh 3d5/2 binding energy is reasonable since Rh-
H, which has higher Rh 3d5/2 binding energy than RhCl(PPh3)3, has been found to be 
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the true catalyst for hydroformylation [77]. As the binding energy values of Rh 3d5/2 in 
these used catalysts are quite close to that of LnRh+1(CO)2 anchored on silica support 
[216], it is proposed here that a similar LnRh+1(CO)y catalytic intermediate has been 
formed on the passivated dendritic MCM-41 support. The structure of this rhodium 
complex intermediate is very close to that formed using HRh(CO)(PPh3)3 as the 
precursor, indicating that they form similar true rhodium complex catalysts during 
hydroformylation reactions [156]. 
 
6.2.6     Hydroformylation of Styrene 
6.2.6.1   Activity  
  Figiure 6.5a shows the catalytic results of WPMn and WMn catalysts as a 
function of time. Homogeneous catalysis of RhCl(PPh3)3 in the presence of 3 fold of 
triethylamine in the reaction mixture is also presented as reference. It is obvious that 
WPM1 shows the highest activity among all the heterogenized catalysts, showing that, 
as the PAMAM generation of the grafted dendrimer increases, the activity of WPMn 
catalysts reaches the highest value at WPM1 then decreases. Because the TGA and 
elemental analysis results show that the grafted PAMAM dendrimer reaches maximal 
growth at the second generation inside the MCM-41 mesopores, therefore the 
crowdedness inside the MCM-41 channels of WPM2 makes WPM2 less active than 
WPM1, most likely due to the diffusion limitation of styrene inside the crowded pores 
of WPM2 [242].  
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Fig. 6.5a. Hydroformylation of styrene using homogeneous Wilkinsons catalyst; 
passivated MCM-41 based heterogenized Wilkinsons catalysts, WPMn (n=0,1,2); 
non-passivated MCM-41 based heterogenized Wilkinsons catalysts, WMn(n=0,1,2). 
 
*Reaction conditions: 27 mg of RhCl(PPh3)3, 150 mg of heterogenized catalysts, 3 ml 
of styrene, 50 ml of THF solvent, syn-gas H2/CO = 1:1, pressure at 20 bar, reaction 
temperature at 80°C. 
 
A comparison of the activity between WPM0 and WPM1 catalysts shows that 
there is a significant increase of catalyst activity as the PAMAM generation of the 
grafted dendrimer increases from zeroth to first generation. Although WPM0 has less 
steric hindrance inside the MCM-41 channels and hence less mass transport resistance 
than WPM1, this advantage may be neutralized or negated by the positive dendrimer 
effect from WPM1 [157, 243]. Although the rhodium complex is coordinated with the 
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surface amine ligand in WPM0 and WPM1, it should be noted that the distance 
between the anchored rhodium center and the internal pore surface of WPM0 is much 
shorter than that of WPM1. This difference makes the rhodium complex anchored in 
WPM0 behaves closer to the heterogeneous catalyst. However, the rhodium complex 
in WPM1 shows more homogeneous characteristic due to the longer organic linker 
provided by the first generation of grafted PAMAM dendrimer.  This finding is similar 
to that of the Wilkinsons catalyst anchored on passivated dendritic SBA-15 when the 
generation of grafted PAMAM dendrimer increases from first generation to second 
generation [206].  
 
In contrast, WM0 shows the highest activity among the nonpassivated dendritic 
MCM-41 based catalysts. The first and second generations of grafted PAMAM 
dendrimer do not seem to demonstrate any promotional effect for the activity of WM1 
and WM2. This is because the functionalization step followed by grafting of 
dendrimers mainly takes place outside the pores of MCM-41 where the external silanol 
groups possess higher accessibility than the internal silanols [120]. If the PAMAM 
dendrimers are not grown inside the pores, this situation is similar to the grafting of 
dendrimers on the ordinary amorphous silica used as the catalyst support [120]. 
Bourque et al. also reported a decrease of catalyst activity from G0 to G1 during 
hydroformylation of styrene when silica gel was used to graft dendrimer to anchor 
rhodium complex [148]. The decrease in activity from G0 to G1 may be attributed to 
the blocking of the rhodium catalytic center arising from steric crowding 
[150,244,245]. The low activity of WM2 is similarly attributed to the crowded 
environment surrounding the rhodium catalytic center tethered to the second 
generation of externally-grafted dendrimer on MCM-41.  
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In order to study the influence of ungrafted PAMAM dendrimer on the catalyst 
activity, homogeneous PAMAM and RhCl(PPh3)3 (with amine ligands : Rh ratio set at 
1:1) were also used to catalyze hydroformylation of styrene. The results shown in 




Fig. 6.5b. Activity of hydroformylation of styrene using homogeneous PAMAM 
dendrimer with homogeneous RhCl(PPh3)3   
 
This may be attributed to the blocking of the active rhodium sites by the free 
homogeneous PAMAM dendritic arms. However, in WPMn catalysts, the grafted 
PAMAM dendrimers have less chance to entangle and function more as organic 
linkers between the solid support and the rhodium complex.  
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Generally, WPMn catalysts are more active than WMn catalysts and all the 
heterogenized catalysts are less active than their homogenous precursor. This is 
because WPMn catalysts, which were prepared by the passivation of silanols outside 
the MCM-41 channels, could graft PAMAM dendrimers and tether RhCl(PPh3)3 
mainly inside the mesopores. Therefore, WPMn catalysts take full advantage of the 
special properties of the dendritic support compared to WMn catalysts, and the higher 
activity of WPMn catalysts over WMn catalysts are attributed to the more 
homogeneous micro-environment inside the dendritic mesopores.  
 
6.2.6.2    Regio-selectivity    
               Figure 6.6a compares the catalytic regioselectivity of WPMn and WMn 
catalysts, with homogeneous RhCl(PPh3)3 as the reference. The highest selectivity 
shown by WPM1 should not be attributed to the homogeneous catalysis because, based 
on the ICP results (Table 6.2), the leaching of rhodium complex from WPM1 catalyst 
to the solution is very small. The trend, which shows that the regioselectivity increases 
from the zeroth generation of grafted dendrimer and then decreases after the grafted 
dendrimer increases to a certain generation has been consistently observed in 
hydroformylation reaction over passivated dendritic SBA-15 supported rhodium 
catalysts [206]. This catalytic behavior is attributed to the support effects which 
influence the selectivity of the catalyst during hydroformylation reaction [93].  
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Fig. 6.6a. Hydroformylation of styrene using homogeneous Wilkinsons catalyst; 
passivated MCM-41 based heterogenized Wilkinsons catalysts, WPMn (n=0,1,2);  
non-passivated MCM-41 based heterogenized Wilkinsons catalysts, WMn (n=0,1,2). 
 
 The above reaction results also show that all WPMn catalysts exhibited higher 
regioselectivity than WMn catalysts. The highest regioselectivity shown by WMn 
catalysts is WM0, which is still less selective than the least selective WPMn catalyst 
(WPM0). This is probably attributed to the fact that WPMn catalysts confine the 
PAMAM dendrimers and the tethered rhodium complexes inside the pores so that the 
hydroformylation reactions catalyzed by these catalysts also receive the beneficial 
confinement from the MCM-41 channels.  
 
As the pore confinement influences the conformation of the catalytic 
intermediates, it influences the final distribution of branched aldehyde and linear 
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aldehyde of the product. The reaction results show that the pore confinement from the 
passivated dendritic MCM-41 support favors the formation of branched rhodium 
intermediates during hydroformylation. The confinement effects from support may not 
directly enhance a Markownikov addition, which leads to more branched aldehydes, 
but make the intermediates formed by anti-Markownikov addition, which leads to 
more linear aldehydes, very unstable and undergo β-hydride elimination faster [34]. 
Therefore, the amount of reaction intermediates formed by Markowniknov addition 
accumulated during the course of hydroformylation reaction, leading eventually to the 
formation of more branched aldehydes.   
 
Since regioselectivity is not related to the catalyst amount [246], WPM1 
provides an ideal reaction environment inside the MCM-41 channel favorable for the 
formation of 2-phenylpropionaldehyde product. The support effects that can enhance 
catalytic selectivity can be attributed to the combination of steric hindrance from 
dendrimer and the confinement of MCM-41 channel [154, 215].  
 
       The promotional effects in enhancing regioselectivity cannot increase 
incessantly with the growth of PAMAM dendrimer generation. The drop in 
regioselectivity from WPM1 to WPM2 is accompanied with a drop in activity, 
indicating that the reaction environment in WPM2 is less favorable for both activity 
and selectivity due to the crowdedness inside the MCM-41 mesopores.  This is in 
agreement with the results reported by Reynhardt et al. [152]. This result is also 
consistent with the results obtained from the passivated dendritic SBA-15 supported 
rhodium complexes for hydroformylation of styrene [206]. Since MCM-41 has smaller 
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pores than SBA-15, the first generation of grafted dendrimer is found to be the optimal 
generation for WPMn catalysts.  
 
In contrast, the most selective WMn catalyst is WM0. Without pore 
confinement from the MCM-41 channels, WM1 and WM2 have less regioselectivity 
than WM0. These results are in good agreement with those of SBA-15 supported 
analogs [206].  
 
 
Fig. 6.6b. Selectivity of hydroformylation of styrene using homogeneous PAMAM 
dendrimer with homogeneous RhCl(PPh3)3   
 
 
Since homogeneous PAMAM dendrimer alone cannot enhance regioselectivity 
in a homogeneous system (according to the results shown in Figure 6.6b), therefore the 
higher regioselectivity of WPMn catalysts over WMn catalysts is due to the 
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promotional support effects. These promotional support effects correspond to the shape 
selectivity of MCM-41 shown in other reactions [247]. 
 
6.2.7 TEM Image   
            TEM image was taken on the used WPM1 catalyst due to its highest catalytic 
performance. Figure 6.7 clearly shows that the used WPM1 catalyst still retains highly-
ordered honeycomb mesoporous structure and uniform pore size distribution [21]. This 
image is also in good agreement with the XRD results, confirming the stability of the 
mesoporous structure of MCM-41 as the catalyst support for the heterogenized 




Fig.6.7. TEM image of used WPM1 
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6.2.8    ICP Analysis 
WPM1, which is the most active and selective dendritic MCM-41 supported 
rhodium complex catalyst, and its nonpassivated counterpart WM1 were chosen for 
ICP analysis and the results are shown in Table 6.2. The results show that the leaching 
of rhodium has decreased from 9.83 wt% of WM1 to 1.74 wt%. This is in agreement 
with those results of the SBA-15 supported rhodium catalysts [206]. With passivation 
WPM1 encapsulated most rhodium inside the MCM-41 channels, whereas WM1 had 
much rhodium anchored outside the MCM-41 channels due to the easier accessibility 
of the surface ligands there.  This result indicates that the rhodium anchored inside the 
MCM-41 channels of WPM1 leaches much less compared to that anchored outside the 
mesopores in WM1. Therefore, all these catalysis results show that passivation of the 
silanols outside the MCM-41 surfaces increased the stability of the rhodium complex 
in WPM1 catalyst. 
 
Table 6.2. 




WPM1 1.72 1.69 1.74% 
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6.3       Conclusions 
            PAMAM dendrimers were successfully grafted inside the MCM-41 channels 
through the passivation of silanols outside the mesopores of MCM-41. WPMn and 
WMn catalysts were then synthesized and used to explore the effect of pore 
confinement of MCM-41 on the activity and regioselectivity of the supported 
Wilkinsons catalyst for styrene hydroformylation. WPMn catalysts show better 
catalytic performances both in activity and regioselectivity than WMn catalysts. The 
first generation of grafted PAMAM dendrimer is found to be the optimal dendrimer 
generation for WPMn catalysts due to the combination of PAMAM dendrimer and 
MCM-41 pore confinement. This combination provides an ideal reaction environment 
for the hydroformylation of styrene to produce more 2-phenylpropionaldehyde. WPMn 
catalysts are also stable during styrene hydroformylation as the passivation of silanols, 
which leads to dendrimers growing inside the MCM-channels, produces much less 
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Chapter 7.  Dendritic Nano-Alumina Supported RhCl(PPh3)3 
for Hydroformylation of Styrene 
7.1 Preface 
The development of versatile catalytic systems incorporating the advantages of 
both homogeneous and heterogeneous catalysis has been a primary goal for both 
academic and industrial research in the area of hydroformylation reaction [5]. Various 
supports, such as polymer, silica gel, MCM-41, zeolite and alumina have been 
employed to heterogenize rhodium complexes [96,117,186,187,229,249]. Although 
major efforts have been directed in this area, unfortunately so far the immobilization of 
catalyst on any solid supports results in a significant loss of activity and selectivity 
[153,227].  
 
Recently two unique catalyst supports have been emerging. One is the 
nanoparticle which has been found to have potential applications in catalysis [250,251]. 
The other is dendrimer which is known to be a unique nanoscale device and several 
dendritic catalysts with positive dendrimer effect for hydroformylation reactions have 
been reported [252-257].  
 
To incorporate the advantages of homogeneous and heterogeneous catalysis, 
silica has been employed as a support for growing PAMAM dendrimers from zeroth to 
4th generation and the dendritic silica has been used to anchor rhodium complex 
catalysts [258]. However, the performance of these dendritic catalysts for 
hydroformylation reaction is not directly proportional to the growth of generation due 
to the structural imperfection within the silica-grafted dendrimer framework. The 
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entanglement of arms in the grafted dendrimer, which may block the active sites as the 
generation increases, is responsible for the decrease in activity for the 3rd and 4th 
generation-based catalysts as compared to the zeroth-generation based catalyst in 
styrene hydroformylation [149].  
 
As the generation of dendrimer increases, the terminal active sites at the 
periphery are expected to increase at an exponential rate. However, longer arms bring 
more fractional growth and entanglement, and only the terminal groups at the 
periphery are useful for catalysis.  If all the reactive terminal ends of the dendrimer 
molecule are cut and grafted on an inorganic nanoscale support, the resulting 
dendrimer-grafted nanoscale material not only harnesses the multiple active sites of 
dendrimer but also can be recycled more easily and economically. Therefore, nano-
particles appear to be the ideal support for grafting the terminal groups of dendrimer. 
In view of the large surface to volume ratio of nanoparticles as compared with those of 
the bigger particles, nanoparticles seem to be able to provide more efficient hosting of 
active catalytic sites per unit mass.   
 
Recent studies using nanoparticle supported catalysts demonstrate excellent 
performances of these catalysts [168,259]. Given the prospect that combination of 
nanoscale support with nanoscale dendrimers may provide large surface areas, 
maintain multiple active sites and thus contribute to the catalytic performance, nano-
Al2O3 has been employed in this study as the support for PAMAM dendrimers to 
produce dendritic rhodium catalysts. The resulting dendrimer-grafted nano-Al2O3 
supported rhodium catalysts have been used for styrene hydroformylation. This chapter 
reports, for the first time, the employment of nanoscale alumina particles as supports 
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which bring a profound promotional effect of the grafted dendrimer on the activity and 
regioselectivity of the catalyst for styrene hydroformylation.  
 
 
7.2       Results and Discussion 
7.2.1    FE-SEM Analysis 
            Figures 7.1a, 1b and 1c show the FE-SEM images of synthesized nano-Al2O3, 
surface amine functionalized nano-alumina (G0/nano-Al2O3) and 1st generation 
PAMAM grafted nano-alumina (G1/nano-Al2O3), respectively. It is obvious that these 
nano-particles possess spherical morphology and their average diameters are around 
50nm. The nano-particles have uniform crystal size and they do not show the tendency 
to agglomerate. The growing of PAMAM dendrimer on the surface of the nano-
alumina does not cause the deformation of the spherical nano-particle and does not 
disrupt the uniformity and scale of the crystal size. Hence, the synthesized nano-
alumina based PAMAM dendritic catalysts can be verified as nanoscale structured. 
 
Fig. 7.1a. FE-SEM image of Nano-Alumina support 









Fig. 7.1c. FE-SEM image of Nano-Alumina based PAMAM dendrimer G1 
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These nano-alumina supports can still be categorized as heterogeneous as they 
can be separated from the liquid phase through centrifuge. As the particle size falls in 
the nanoscale, the nano-alumina supports possess large surface areas which are 
favorable for catalysis. In particular, their surface areas are larger than those of 
conventional alumina supports [260]. Since the catalytic rhodium centers are tethered 
at the outer surface of these nano-particles, they can be more easily accessible than 
those tethered inside the mesopores of MCM-41, even though the latter also possess 
large surface areas [120,242]. Therefore, nano-alumina supported catalysts do not have 
the resistance from mesopore diffusion, hence making them more efficient catalysts. 
Theoretically, there is no limitation of PAMAM generation growing on the outer 
surface of the nano-alumina supports compared to those growing inside the mesopores 
of SBA-15. Therefore the PAMAM dendrimers tethered on nano-alumina can exert 
homogeneity better than those tethered on other supports.    
 
7.2.2     Comparison of the Nano-Alumina Support and α-Alumina Support  
7.2.2.1   Activity 
  Rh/G0/nano-Al2O3 and Rh/G1/nano-Al2O3 catalysts were applied to catalyze 
hydroformylation of styrene. To study the effect of nano support, α-alumina supported 
analogs were also synthesized and used for styrene hydroformylation for comparison. 
Figure 7.2 shows the catalytic results of Rh/G0/nano-Al2O3, Rh/G1/nano-Al2O3, 
Rh/G0/α-Al2O3 and Rh/G1/α-Al2O3 as a function of time. Obviously, both 
Rh/G0/nano-Al2O3 and Rh/G1/nano-Al2O3 are much more active than their α-alumina 
supported analogs of Rh/G0/α-Al2O3 and Rh/G1/α-Al2O3. In the case of Rh/G0/nano-
Al2O3 catalyzed hydroformylation, 100% conversion of styrene was achieved within 2 
h; whereas for the case of Rh/G0/α-Al2O3, it took 34 h for the same extent of 
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conversion. However, both Rh/G0/nano-Al2O3 and Rh/G0/α-Al2O3 were functionalised 
with zeroth generation of PAMAM dendrimer and were synthesized using the same 
method and steps from functionalization of surface ligands to tethering of Wilkinsons 
catalysts, with the only difference lying in the size of the supporting material. 
Therefore, the higher activity of Rh/G0/nano-Al2O3 and Rh/G1/nano-Al2O3 compared 
to Rh/G0/α-Al2O3 and Rh/G1/α-Al2O3 is attributed to the support effects of nano-
alumina [261]. 
 
It is also noted that nano-alumina supported catalysts show a reverse order of 
activity compared to the α-alumina supported ones as the PAMAM dendrimer goes up 
from zero to one. From Rh/G0/nano-Al2O3 to Rh/G1/nano-Al2O3, the catalyst activity 
decreases slightly; whereas from Rh/G0/α-Al2O3 to Rh/G1/α-Al2O3, the activity 
increases tremendously. In the case of α-alumina based catalysts, the activity increases 
as the PAMAM generation increases from zero to one. This is consistent with the 
results of the SBA-15 supported dendritic catalysts [206]. Similar reason is used to 
describe this catalytic behavior.  The increased PAMAM generation brings greater 
homogeneity to the synthesized catalysts, thus enhancing the activity due to the 
elevated flexibility of dendrimer arms [262]. However, for the nano-alumina supported 
catalysts, the nano-support effects which are highly promotional to activity seem to be 
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Fig. 7.2. Hydroformylation of styrene using nano-alumina and α- 
alumina supported Wilkinsons catalysts  
 
*Reaction conditions: 27 mg of RhCl(PPh3)3, 150 mg of heterogenized catalysts, 3 ml 
of styrene, 50 ml of 1-hexane, syn-gas H2/CO = 1:1, pressure at 20 bar, reaction 
temperature at 70oC. 
 
7.2.2.2 Regio-selectivity 
Figure 7.3 compares the result of branch to linear aldehyde product ratio of 
Rh/G0/nano-Al2O3, Rh/G1/nano-Al2O3, Rh/G0/α-Al2O3 and Rh/G1/α-Al2O3 as a 
function of time. It is noted that both Rh/G0/nano-Al2O3 and Rh/G1/nano-Al2O3 show 
higher regioselectivity than their α-alumina supported analogs Rh/G0/α-Al2O3 and 
Rh/G1/α-Al2O3. Among all the 4 alumina supported catalysts, Rh/G1/nano-Al2O3 
shows the highest regioselectivity for producing the highest distribution toward 2-
phenylpropionaldehyde product. The selectivity performances of nano-alumina 
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supported catalysts are consistent with their results of activity. Similarly, the higher 
selectivity shown by Rh/G0/nano-Al2O3 and Rh/G1/nano-Al2O3 over Rh/G0/α-Al2O3 
and Rh/G1/α-Al2O3 is attributed to the support effects from dendritic nano-alumina. 
This may be due to the better and more efficient contact between the reactants and 
catalytic centers in the nano-supported catalysts. Because the nanoscale catalysts 
possess high surface areas, all the catalytic active centers are dispersed well at the 
support surfaces. This may be one major cause for the superior catalytic performances 
shown by the nano-alumina supported catalysts.    
 
It is interesting to observe that nano-alumina supported catalysts show a reverse 
order of selectivity as compared to their order of activity. The selectivity of catalysts 
increases slightly from Rh/G0/nano-Al2O3 to Rh/G1/nano-Al2O3, whereas the activity 
from Rh/G0/nano-Al2O3 to Rh/G1/nano-Al2O3 decreases slightly. A decrease in 
activity with the increase of generation - yet maintaining relative constant selectivity - 
is also observed by Reek et al. [154]. This may be due to the bulkier catalytic center in 
Rh/G1/nano-Al2O3. Accordingly, the activity decreases due to the more steric 
hindrance [248]. However, for the case of α-alumina based catalysts, the selectivity 
changes only slightly as the PAMAM generation increases from zero to one. 
 
It should be noted that the nano-alumina particles possess much higher surface 
areas than the α-alumina particles. Therefore, the dendrimers grown on α-alumina tend 
to be more crowded and entangled with each other. Although the first generation 
PAMAM dendrimer may bring more homogeneity to Rh/G1/α-Al2O3, the elongated 
dendrimer arms may intermingle to some extent, thus negating the positive dendritic 
effect in enhancing selectivity [131,155]. Whereas, the high surface areas of nano-
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alumina supports provide more space for the dendrimers to grow on them, thus 
mitigating the congestion of dendrimer arms.   
 
Fig. 7.3. Selectivity of hydroformylation of styrene using nano-alumina 
and α-alumina supported Wilkinsons catalysts  
 
 
7.2.3     Comparison of the Nano-Alumina Supports and γ-Alumina Supports  
7.2.3.1   Activity 
  To further confirm the superior properties due to the nano-alumina supports, 
γ-alumina supported analogs were also used to catalyze the hydroformylation reactions 
of styrene. Figure 7.4 shows the catalytic activity results of the nano-alumina 
supported PAMAM based Wilkinsons catalysts as well as those of the γ-alumina 
supported ones. Since nano-alumina and γ-alumina are calcined at the same 
temperature, the effect of nano-support on catalytic performance can be illustrated 
further. Figure 7.4 shows that both nano-alumina supported catalysts are more active 
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than their γ-alumina supported analogs. This is similar to the case of α-alumina 
supported catalysts reported in the previous section. This result is also attributed to the 
promotional effect of the nano-alumina supports. Although the best activity of 
Rh/G0/γ-Al2O3 is close to that of Rh/G1/nano-Al2O3, the activity of Rh/G0/γ-Al2O3 
still cannot be compared with the activity of Rh/G0/nano-Al2O3 even though these two 
types of catalysts differ only in the crystal size of the supports. 
 
Rh/G0/γ-Al2O3 is more active than Rh/G1/γ-Al2O3, similar to that of the nano-
alumina supported ones where Rh/G0/nano-Al2O3 is more active than Rh/G1/nano-
Al2O3. This phenomenon may be accounted for by the density of PAMAM dendrimer. 
Because both nano-alumina and γ-alumina are calcined under a relative lower 
temperature than α-alumina, they possess more surface silanols than α-alumina. 
Therefore, the functionalized surface amine ligands are denser on nano-alumina and γ-
alumina supports than on α-alumina supports. When PAMAM dendrimer increases 
from zeroth to first generation on nano-alumina and γ-alumina supports, the supported 
dendrimers become more crowded than those grown on the α-alumina supports. The 
crowded dendrimers on nano-alumina and γ-alumina supports tend to entangle and 
entwine among themselves, thus leading to the blocking of catalytically-active 
rhodium centers by the entangled dendrimers on nano-alumina and γ-alumina supports 
[248]. For Rh/G1/α-Al2O3, the density of grafted 1st generation dendrimer grafted on 
the surface of α-Al2O3 is not so crowded to the point of triggering entanglement and 









Fig. 7.4. Hydroformylation of styrene using nano-alumina and γ- 
alumina supported Wilkinsons catalysts  
 
7.2.3.2   Regio-selectivity 
 Apart from activity, the regioselectivity between the nano-alumina supported 
dendritic catalysts and their γ-alumina supported analogs is also of great importance 
and has been investigated in this study. Figure 7.5 shows the regioselectivity curves of 
Rh/G0/nano-Al2O3, Rh/G1/nano-Al2O3, Rh/G0/γ-Al2O3 and Rh/G1/γ-Al2O3. 
Rh/G1/nano-Al2O3 exhibits the highest selectivity among the four catalysts while 
Rh/G1/γ-Al2O3 shows the lowest selectivity. This result confirms again the superior 
selectivity of the dendritic nano-alumina supported rhodium catalysts for styrene 
hydroformylation. The better selectivity shown by Rh/G1/nano-Al2O3 is primarily due 
to the promotional support effect from nano-alumina particles as they serve as a good 
base to allow the anchored PAMAM dendrimers exert their homogeneity to a greater 
extent.  
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In contrast to the case of the nano-alumina supported catalysts whose order of 
selectivity is opposite to their order of activity, the sequence of selectivity of γ-alumina 
supported catalysts is the same as that of their activity, i.e. Rh/G0/γ-Al2O3 > Rh/G1/γ-
Al2O3. The decrease of selectivity from Rh/G0/γ-Al2O3 to Rh/G1/γ-Al2O3 is due to the 
overcrowding of surface dendrimers which not only block some active sites but also 
distort the conformation of the catalytic center favoring the branch aldehyde product. 
This overcrowding stems from the initial density of silanols of γ-alumina [264]. 
Despite of the high density of grafted dendrimers on the support surface, the high 
surface area of Rh/G1/nano-Al2O3 provides the micro-environment even more spatio-
restraint than that of Rh/G0/nano-Al2O3, showing positive dendrimer effect in 
selectivity [265].  
 
Among the 3 supports, it seems only nano-alumina support is promising for 
growing PAMAM dendrimers. For α-alumina support, although the activity increases 
from Rh/G0/α-Al2O3 to Rh/G1/α-Al2O3, the selectivity is not improved and the activity 
of Rh/G1/α-Al2O3 is still the lowest among all the alumina supported PAMAM G1 
catalysts. For γ-alumina support, as dendrimer generation increases, both activity and 
selectivity decrease markedly.  
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Fig. 7.5. Selectivity of hydroformylation of styrene using nano- 
alumina and γ-alumina supported Wilkinsons catalysts  
 
 
7.2.4     Comparison of the Nano-Alumina Supports and SBA-15 Supports  
7.2.4.1   Activity 
             A comparison of nano-alumina supported PAMAM dendrimer tethered 
Wilkinsons catalysts with their non-nano-alumina based analogs show that the 
nanoscale supports bring highly promotional effects on both the catalysts activity and 
selectivity for styrene hydroformylation. Previous report on passivated dendritic SBA-
15 supported catalyst also shows an enhanced catalytic performance of the 
heterogenized catalyst on dendritic nanoporous SBA-15 support. Therefore a further 
comparison between these two robust supports for PAMAM dendrimer tethered 
Wilkinsons catalysts for hydroformylation reaction would be of interest and discussed 
below.    
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Figure 7.6 comparatively shows the conversion of styrene catalyzed by 
dendritic nano-alumina supported rhodium catalysts and passivated dendritic SBA-15 
supported rhodium catalyst. The graph demonstrates that Rh/G0/nano-Al2O3 and 
Rh/G1/nano-Al2O3 are slightly more active than WPS1 (which is Wilkinsons catalyst 
anchored on passivated SBA-15 grafted with 1st generation dendrimer) and WPS0 
(which is Wilkinsons catalyst anchored on passivated SBA-15 grafted with zeroth 
generation dendrimer), respectively. This result is not surprising as both catalyst 
support systems are nano-structured and possess high surface areas. The small 
difference in activity between nano-alumina based ones and SBA-15 based 
counterparts may be due to the diffusion resistance from the SBA-15 mesopores [193]. 
 
These two systems possess different order of activity according to the 
generation of grafted PAMAM dendrimer. Rh/G1/nano-Al2O3 is less active than 
Rh/G0/nano-Al2O3 for dendritic nano-alumina supported rhodium catalysts, whereas 
WPS1 is more active than WPS0 for dendritic SBA-15 supported rhodium catalyst. 
This result indicates that the space inside the SBA-15 mesopore channels may provide 
a special micro-environment for PAMAM dendrimers to exhibit positive dendrimer 
effects [248,265]. While on nano-alumina supports, the grafted 1st generation PAMAM 
dendrimer makes the catalytic rhodium center bulky, thus inhibiting some activity of 
the rhodium catalytic center during styrene hydroformylation [23]. However, the nano-
alumina supported catalysts still perform better than their SBA-15 supported analogs. 
The difference appears to be attributed to the fact that higher PAMAM generation does 
not bring higher activity for nano-alumina based catalysts. Whether this is true will be 
further discussed in section 7.2.5.  
 
 




Fig. 7.6. Hydroformylation of styrene using nano-alumina 
and SBA-15 supported Wilkinsons catalysts 
 
 
7.2.4.2   Regio-selectivity 
              It has already been found that both the dendritic nano-alumina supports and 
the dendritic passivated SBA-15 supports have promotional effects on the activity of 
the catalysts for hydroformylation reaction of styrene. A comparison of the selectivity 
of rhodium catalysts anchored on these two novel dendritic supports can shed light on 
the properties of their nanostructed support and the effects of grafted dendrimer. Figure 
7.7 comparatively shows the regioselectivities of Rh/G0/nano-Al2O3, Rh/G1/nano-
Al2O3, WPS0 and WPS1. Obviously, the nano-alumina supported catalysts are more 
selective than the SBA-15 supported ones. This finding is important as it shows that 
high surface areas are mainly accountable for the high activity of the synthesized 
catalysts supported by nano-alumina and SBA-15.  
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Among the four support materials (SBA-15, nano-alumina, γ-alumina and α-
alumina), the first two possess large surface areas while the latter two do not and the 
first two supported catalysts also exhibited the highest activity. This result indicates 
that large surface area can provide more efficient contact between reactants and active 
sites, thus producing more active catalysts. However, both γ-alumina and α-alumina 
supported catalysts demonstrate higher selectivity than their counterparts supported by 
SBA-15 despite the latter possessing larger surface areas. For example, Rh/G0/γ-Al2O3 
has considerably high selectivity (Figure 7.5) but shows the lowest activity (Figure 
7.5), indicating that selectivity may be influenced but not controlled by surface area.  
In other words, the activity of a heterogenized catalyst can be enhanced much more by 
surface area than its regioselectivity. This result is in good agreement with the 
literature which reports that the regioselectivity is controlled by the conformation of 
the catalytic center [246]. 
 
It is also noted that the nano-alumina supported catalysts and SBA-15 
supported counterparts have the same order of selectivity according to the PAMAM 
generation. The selectivity of these two catalyst systems increases with the increase of 
the generation of grafted dendrimer. For the SBA-15 based catalysts, this phenomenon 
is explained by the positive dendrimer effects which are mainly attributed to the better 
dispersion of rhodium complexes and the special reaction environment provided by the 
support. For the nano-alumina based catalysts, it seems that the combination of 
PAMAM G1 dendrimer and the nano-alumina support provides a highly 
spatioselective environment for producing branch aldehyde [171,265]. Without the 
pore restriction, higher generation of PAMAM dendrimers can be grown on nano-
alumina for further investigation. The results will be discussed in the next section. 




Fig. 7.7. Regio-selctivity of hydroformylation of styrene using nano- 
alumina and SBA-15 supported Wilkinsons catalysts  
 
7.2.5      Exploration of Higher PAMAM Dendrimers on Nano-Alumina  
7.2.5.1   Activity 
  Because Rh/G1/nano-Al2O3 shows higher selectivity than Rh/G0/nano-Al2O3, 
it is worth to investigate the trends of both the activity and regioselectivity of the nano-
alumina supported rhodium catalysts tethered on higher generation of grafted PAMAM 
dendrimers.  Therefore, higher PAMAM generation dendrimers were synthesized on 
the nano-alumina supports up to third generation. Wilkinsons catalysts tethered on 
these dendritic supports were then used to catalyze hydroformylation of styrene under 
the same reaction conditions.  
 
Figure 7.8 shows the catalytic activity of Rh/G0/nano-Al2O3, Rh/G1/nano-
Al2O3, Rh/G2/nano-Al2O3, and Rh/G3/nano-Al2O3 catalysts for styrene 
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hydroformylation. It is noted that the catalytic activities of Rh/G2/nano-Al2O3 and 
Rh/G3/nano-Al2O3 fall in the middle of the activity of Rh/G0/nano-Al2O3 and 
Rh/G1/nano-Al2O3. This result indicates that higher generation of PAMAM cannot 
increase the activity of the nano-Al2O3 supported rhodium catalysts. Although a slight 
increase of activity is observed from Rh/G1/nano-Al2O3 to Rh/G2/nano-Al2O3, the 
small increase cannot continue from Rh/G2/nano-Al2O3 to Rh/G3/nano-Al2O3. This 
may be explained by the fact that, from Rh/G1/nano-Al2O3 to Rh/G2/nano-Al2O3, the 
elongated dendrimer arms bring more homogeneity to the catalyst, whereas from 
Rh/G2/nano-Al2O3 to Rh/G3/nano-Al2O3, this effect is neutralized by the more severe 
blocking of active catalytic sites with increasing dendrimer length [258,266]. It appears 
that there is a promotional effect from the nano-Al2O3 support to the activity of 
catalytic center in Rh/G0/nano-Al2O3. However, this promotional effect only functions 
within a very short distance (around 10 Å) from nano-Al2O3 surface. Over this limit the 
promotional effect drops significantly. This is in contrast to the PAMAM on SiO2 
support, in which the increase of  dendrimer generation can increase the activity until 
second generation [149].  
 
In summary, in terms of activity, Rh/G0/nano-Al2O3 is the best catalyst among 
all the dendritic nano-alumina tethered Wilkinsons catalysts, and a further growth of 
PAMAM dendrimer from generation zero cannot promote the catalytic activity any 
more.  The high activity of Rh/G0/nano-Al2O3 is attributed to the promotional effect 
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Fig. 7.8. Activity of hydroformylation of styrene using nano-alumina supported 
Wilkinsons catalysts of PAMAM Dendrimer Generation 0 to 3. 
 
7.2.5.2 Regio-selectivity 
As Rh/G1/nano-Al2O3 shows higher regioselectivity than Rh/G0/nano-Al2O3, it 
is of great interest to investigate whether this increase in regioselectivity along with the 
increase of PAMAM dendrimer generation would continue and, if it is so, how far this 
synchronization may reach.  
 
Figure 7.9 shows the regioselectivity of Rh/G0/nano-Al2O3, Rh/G1/nano-Al2O3, 
Rh/G2/nano-Al2O3, and Rh/G3/nano-Al2O3. Rh/G0/nano-Al2O3 shows the lowest 
selectivity among the four catalysts. This result indicates that higher PAMAM 
generation dendrimers can enhance the selectivity of the nano-alumina supported 
catalysts. However, this promotional effect by the higher generation PAMAM 
dendrimers is saturated at the first PAMAM generation as Rh/G1/nano-Al2O3, 
Rh/G2/nano-Al2O3 and Rh/G3/nano-Al2O3 show very close regioselectivity toward the 
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branch aldehyde product. As previously stated, nano-alumina is synthesized under a 
relatively low temperature and thus it possesses a lot of silanol groups. Although nano-
alumina has high surface areas, the exponentially-increased surface PAMAM 
dendrimers due to higher generation would cause the catalysts surface to be crowded 
with dendrimer arms [267]. The increased bulkiness of catalytic center can enhance 
selectivity but can also block active sites [268]. Therefore the regioselectivity cannot 
be infinitely increased with higher generation of dendrimers because there is a 
threshold which governs the density of the surface ligands. Below this threshold, 
positive dendrimer effects are observed because there is some free space which allows 
the multiple catalytic centers to cooperatively function [144,151,156]. Whereas, above 
this threshold, a further growth of the generation of grafted PAMAM dendrimer is no 
longer helpful for higher selectivity because the reaction environment becomes too 
crowded.    
 
Therefore, among the dendritic nano-alumina tethered Wilkinsons catalysts, 
Rh/G1/nano-Al2O3 offers the best regioselectivity for hydroformylation of styrene. 
Any higher generation for the purpose of increasing selectivity will only waste 
material and time. However, higher generation PAMAM dendrimers may bring about 
higher selectivity if they are anchored on nano-alumina supports smaller than the ones 
used in this study because supports with smaller particle size would possess higher 
surface to volume ratios. 
 
 




Fig. 7.9. Regioselectivity of hydroformylation of styrene using nano-alumina 
supported Wilkinsons catalysts of PAMAM Dendrimer Generation 0 to 3. 
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7.3 Conclusions 
Nano-alumina supports grafted with PAMAM dendrimers from zeroth to third 
generation have been successfully synthesized and used to tether Wilkinsons catalyst 
to catalyze styrene hydroformylation. This method takes both advantages of the high 
surface area of nanoscale material, which is desirable for a heterogeneous catalyst 
support, and the unique properties of PAMAM dendrimers, which not only can tether 
catalytic metal complexes but also bring positive dendrimer effects on the activity and 
selectivity of the resulting catalysts. This beneficial combination of PAMAM 
dendrimers and nano-alumina support has been shown for the first time in this study.   
 
Dendritic nano-alumina supported rhodium catalysts exhibited superior 
catalytic performances, in terms of both activity and selectivity, to dendritic α-alumina, 
dendritic γ-alumina or dendritic SBA-15 supported rhodium catalysts. Among all the 
supported Wilkinsons catalysts, Rh/G0/nano-Al2O3 demonstrated the highest activity 
while Rh/G1/nano-Al2O3 the highest selectivity. The high surface area of nano-
alumina is found to be the main reason accounting for the high activity shown by 
Rh/G0/nano-Al2O3. Higher generations of PAMAM dendrimer would cause the 
entanglement of dendrimer arms and thus decrease the activity of the catalytic rhodium 
center. 
 
Although Rh/G1/nano-Al2O3 showed higher regioselectivity than Rh/G0/nano-
Al2O3, Rh/G2/nano-Al2O3 and Rh/G3/nano-Al2O3 failed to increase the 
regioselectivity higher, possibly due to the crowdedness in the catalyst structure caused 
by the longer dendrimer arms of higher dendrimer generation. 
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Chapter 8 Conclusions and Future Work 
 
8.1       Conclusions 
            The main focus of the work presented in this thesis is the development and 
evaluation of a series nano-structured rhodium dendritic catalyst for styrene 
hydroformylation reactions. Some promising supports such as SBA-15 (Chapter 4 and 
5), MCM-41 (Chapter 6) and nano-alumina particles (Chapter 7) have been employed 
to support RhCl(PPh3)3 or HRh(PPh3)3 to produce heterogenized catalysts for 
hydroformylation of styrene. PAMAM dendrimers from zero up to third generation 
have been successfully grafted as the linkers between the solid supports and the 
homogeneous precursors. For purpose of anchoring of rhodium metals inside the 
mesopores of SBA-15 and MCM-41, a pore tailoring technique which passivates the 
surface hydroxyl groups outside the mesopores of SBA-15 and MCM-41 has been 
applied and its promotional effects have been confirmed.  
 
Passivated SBA-15 supported PAMAM dendrimers and their non-passivated 
counterparts have been characterized by BET (Chapter 5). The results show that 
majority of growth of PAMAM dendrimers are inside the pores of the former as 
opposed to majority of dendrimer growth outside the pores of the latter. In the 
comparison of catalytic performances between the passivated SBA-15 and non-
passivated SBA-15 supported catalysts, it is found that whether the rhodium 
complexes are tethered inside the pores or outside the pores does matter. For the non-
passivated SBA-15 supported catalysts, generally the activity and selectivity drop 
generation after generation and generation zero, WS0 or HS0 usually exhibits highest 
activity and selectivity among the tested heterogenized catalysts. However, the ICP 
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analysis results show that both non-passivated SBA-15 supported RhCl(PPh3)3 and 
HRh(PPh3)3 have the most serious leaching of rhodium among the heterogenized 
catalysts. And all the passivated SBA-15 supported catalysts leach much less rhodium 
than their non-passivated SBA-15 based analogs. The non-passivated SBA-15 
supported catalysts catalytic centers are likely to be blocked by at higher generations 
due to the entanglement of dendrimer arms. Therefore the non-passivated SBA-15 
based catalysts generally demonstrate a decreasing order of catalytic performances as 
the dendrimer generation increases. Although higher PAMAM generation may 
mitigate leaching of rhodium, the results can not compare to those of the passivated 
SBA-15 based ones. These results are attributed to the fact, pointed out by other 
literature, that the external surfaces of the mesoporous materials are similar to normal 
silica.  
 
In contrast, among the passivated SBA-15 supported catalysts there is an 
optimal generation in terms of activity, selectivity and stability, which is the second 
generation PAMAM dendrimer. This is due to the internal larger space and areas of 
SBA-15 allow the PAMAM dendrimers grow with less defects than they do on non-
passivated SBA-15. Therefore, the positive dendrimer effects are observed as they 
show in some homogeneous systems. With the confinement of the SBA-15 channels, 
the rhodium metals inside are better protected than they are on the non-passivated 
SBA-15 supported ones. Also due to the confinement of the SBA-15 mesopores, the 
third generation PAMAM dendrimer based catalyst shows reduced catalytic 
performances. The congestion inside the SBA-15 channels can also block the active 
catalytic centers at high PAMAM dendrimer generation. 
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Similar results are also observed on MCM-41 supported RhCl(PPh3)3. The 
passivated MCM-41 supported first generation PAMAM catalyst exhibits highest 
activity and selectivity among all the MCM-41 supported catalysts. And it is also more 
stable than its non-passivated counterpart. A little difference from the SBA-15 
supported ones is that for MCM-41 support the optimal PAMAM dendrimer 
generation is first. This is probably due to the smaller pore size distribution of MCM-
41.    
 
In this project, PAMAM dendrimers are also grown on nano-alumina particles 
due to their special properties such as high surface areas and exposed surfaces. 
Comparisons between the catalytic results catalyzed by nano-alumina supported 
catalysts and those of heterogenized catalysts using supports such as α-alumina, γ-
alumina and SBA-15 have been studied. The results show that nano-alumina based 
catalysts exhibit superior catalytic performances in both activity and selectivity.  The 
Rh/G0/nano-Al2O3 shows the highest activity among all the supported RhCl(PPh3)3. 
And the Rh/G1/nano-Al2O3 shows the highest selectivity among all the supported 
RhCl(PPh3)3. And it has been found that the high and exposed surface area of nano-
alumina is the chief reason accountable for the high activity shown by Rh/G0/nano-
Al2O3. The higher PAMAM generations up to third have also been grown on the nano-
alumina, and their effects for the synthesized catalysts in terms of activity and 
selectivity have also been studied. It is found that the first PAMAM dendrimer 
generation based Rh/G1/nano-Al2O3 showed higher selectivity than that of 
Rh/G0/nano-Al2O3 but Rh/G2/nano-Al2O3 and Rh/G3/nano-Al2O3 failed to promote 
the selectivity higher. This is attributed to the crowdedness of the reaction environment 
due to the longer dendrimer arms of higher PAMAM dendrimer generations. 
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8.2       Future Work 
            Although dendritic catalysis has been studied extensively, few papers have 
been published on growing dendrimers inside the mesoporous materials for catalysis. 
As we have already found that the optimal PAMAM dendrimer generation for MCM-
41 supported catalysts is first and for SBA-15 is second on which pore size 
distributions are around 40 Å and 75 Å respectively. It is possible that in larger pore 
size mesoporous materials the optimal generation will be higher. Therefore, it will be 
interesting and instructive to synthesize larger pore mesoporous materials to explore 
the limit of their capacity for holding dendrimers and to identify the optimal dendrimer 
generation within them. Since asymmetric hydroformylation has special significance 
for pharmaceutical industry and our nano-structured heterogenized catalysts show 
good selectivity and stability in producing branch aldehyde which has the chiral center, 
it will be recommended for using our synthesized catalysts supports for synthesis of 
heterogenized catalysts for asymmetric hydroformylation of styrene with additional 
chiral ligands. Since literature has reported the strong positive dendrimer effects of 
homogeneous PAMAM dendrimer catalysts in enhancing the e.e. (enantio selectivity) 
for allylic amination reaction, it is reasonable to expect that the heterogenized 
PAMAM dendrimer catalysts to be promotional for the asymmetric hydroformylation 
reactions also.   
 
            Moreover, since the shape selectivity of the mesoporous materials supported 
catalysts is due to the confinement of the highly ordered pore channels, it is possible to 
assume that the mesoporous materials of different pore size distributions may be 
particularly promotional for certain substrates of different sizes. Therefore, various 
olefins from short chain to long chain can be tested for identifying the optimal pore 
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size of the mesoporous material for the substrate. Perhaps, there is a correlation 
between the pore size distribution of the support and the catalytic performances for 
certain size substrates.  
 
            Similar concept can apply for the nano-particle supported catalysts. Nano 
materials of different sizes can be synthesized to be employed as catalystssupports 
and possibly there exists a correlation between the particle sizes and catalytic 
performances. Different materials other than alumina such as TiO2, platinum etc. can 
also be tried as supports.   
 
 In this study, the actitiviy of rhodium catalysts were measured by conversion of 
styrene as a funcition of time.  Because other side reactions such as polymerization of 
styrene and hydrogenation of styrene may also contribute to the conversion of styrene, 
chemoselectivity will be studied in the future, which should tell how much percent 
styrene be converted to aldehydes. Moreover, the free amine (-NH2) ligands on the 
supports may also react with the aldehydes product throuogh amination reactions to 
form amides. In the future study, surface phosphine ligands will be introduced to tether 
rhodium complexes to avoid the amination reactions. Also, we can develop methods to 
staturate the free surface amine ligands before the hydroformylation reaction. To let 
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